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i 
The potential for ammonia, NHa, loss from granular urea applied to soil can be influenced by 
various soil, environmental and agronomic factors. A series of field studies were conducted to 
investigate the soil factors influencing the volatilisation potentials of a wide range of 
undisturbed New Zealand soils (12 soils) under different environmental conditions. 
Sample blocks of sUrface soil (0-7 cm depth) were transported from various parts of New 
Zealand to the experimental site (Lincoln University, Canterbury) and buried at ground level 
in enclosures configured for active trapping of volatilised NHa• Urea granules (2-3 mm 
diameter), with or without 15N labelling were surface-applied to the soils at a rate equivalent 
to 100 kg N ha-1. Ammonia volatilisation was measured by using 50 mL of 0.05 M H2S04 
as the trapping medium and an air flow rate of 16 air exchange min-1. This trapping system 
was found to be efficient in preliminary laboratory trials conducted prior to the field 
experiments. 
Field measurements of changes in soil surface temperature, soil moisture and microsite pH 
(0-1 mm soil depth) and rates of urea hydrolysis, ammoniacal-N accumulation, nitrification 
and immobilisation were also made following application of urea. Each soil was characterised 
for texture, urease activity, mineralisable- and hydrolysable-N contents, organic-C and 
total-N contents, native soil pH, buffered CEC, H+ buffer capacity and exchangeable plus 
soluble ea2+ and Mi+ contents. 
In most cases volatilisation was essentially complete 7 days following urea application. 
Losses ranged from 4.4 to 53.9% of the applied-N (mean, 32%). Simple correlation tests 
were performed between percentage cumulative (7 days) NHa-N losses (i.e. 'volatilisation 
potential') and each soil property. Each relationship was viewed using scatter diagrams for 
possible curvilinearity and the influence of outliers. 
The two major environmental conditions encountered during the studies were (i) warm, 
rapid soil drying and (ii) cool slow-drying conditions. Statistically significant relationships 
\ 
were found between volatilisation potentials and several of the many soil prop~rties and 
urea-N transformation processes studied. Ho:wever, only the microsite pH measured 8 hours 
following urea application ('initial microsite pH') showed highly significant linear 
relationships (r ~ 0.94; P s 0.05) with volatilisation potential under all environmental 
conditions. This observation was further examined by combining all the data sets and a 
correlation test was performed. The volatilisation potentials of all the soils studied were 
highly correlated to the 'initial microsite pH' and the following relationship was obtained: 
NH310ss (7 days) = -123 + 19.8 Initial microsite pH (R2 = 85.4%; P < 0.01) 
ii 
It was proposed that a soil which has a high H+ buffer capacity is capable of resisting the 
alkalinity build-up during the initial stage of urea hydrolysis. Such a soil should have a 
greater rate and extent of protonation of NH3(aq) released from urea and consequently have a 
lower volatilisation potential than that of a soil with a lower H+ supplying capacity. The 
significant overall relationship obtained between NH310sses and sand content (%) 
(R2 = 65.5%; P < 0.01) also supported this proposal by indicating that soils with a high 
abundance of chemically inert components, such as sand, can sustain high NH3 losses when 
broadcast with urea. The measurement of 'initial microsite pH' following urea application 
provides a more reliable and simpler technique than the standard titration method used to 
assess the H+ buffer capacity and/or the volatilisation potential of soils. 
The immobilisation of 15N labelled urea was monitored in enclosed and non-enclosed soils 
throughout the volatilisation experiment carried out under cool, slow-drying conditions. 
Immobilisation of the applied urea-N ranged from 13 to 19% after 14 days in the 
non-enclosed soils and was significantly less (P ~ 0.01) in the enclosed soils (5 to 12%) . 
. Similarly, nitrification was more rapid in the non-enclosed soils (P ~ 0.01). Between 2.0 to 
9.9% of the applied-N was present as N03-after 14 days in the non-enclosed soils. The 
comparable figures for N03-accumulation in the enclosed soils were 0.2 to 5.5%. 
Nevertheless, the total-N accounted for in each of the enclosed and non-enclosed soils on each 
sampling occasion were not significantly different (P ~ 0.05). Moreover, when the measured 
NH3 losses were added to the amounts of applied-N recovered in both the enclosed and 
non-enclosed soils, quantitative recovery was shown for 5 of the 6 soils studied. It was 
concluded that immobilisation and nitrification of applied urea-N have very little influence 
on the volatilisation potentials of soils fertilised with broadcast granular urea. 
It was also concluded that the enclosure method, provided it adequately simulates external 
soil temperatures, is an effective and accurate method for measuring the volatilisation 
potentials of soils under field conditions. However, a micrometeorological (mass balance) 
experiment using both active and passive NH3 samplers showed that the volatilisation· 
potential of soil receiving broadcast urea can be markedly reduced (from 35 to 7%) by various 
environmental factors including rainfall, initial soil moisture and the presence o"vegetative 
cover. 
Key words: Urea, ammoniacal-N, ammonia volatilisation, volatilisation potential, microsite 
pH, H+ buffer capacity, urease activity, urea hydrolysis. 
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CHAPTER! 
GENERAL INTRODUCTION 
In New Zealand and elsewhere the use of ammonium (NH/)-bearing or producing fertilisers 
in no-tillage and pastoral farming has focussed attention on the potential for the loss of the 
applied-nitrogen (N) through ammonia (NH3) volatilisation. The NH3 loss can vary widely 
according to the soil type, the form, rate, and mode of fertiliser application, and the 
prevailing atmospheric environmental conditions. Modifying any of the above defined or 
specified conditions can alter a soil's capacity to volatilise ammonia. The capacity of a soil to 
volatilise NH3 from a nitrogenous fertiliser applied using a particular method at a specific 
rate and form under specified environmental conditions is defmed here as the 'volatilisation 
potential' of the soil. The topic of soil volatilisation potential is not new although in the past 
it was generally referred to as cumulative or total NH3 loss. Several workers have studied the 
factors influencing NH310ss from urea applied to soil (e.g. Ernst and Massey, 1960; Acquaye 
and Cunningham, 1965; Overrein and Moe, 1967; Simpson, 1968). Others have reviewed 
NH310sses from NH/-bearing or producing fertilisers (Terman, 1979; Freney et al., 1981 
and 1983; Vlek and Craswell, 1981; Nelson, 1982; Savant and De Datta, 1982; Fenn and 
Hossner, 1985; Haynes and Sherlock, 1986; Freney and Black, 1988). Only recently has the 
concept of 'volatilisation potential' of soils fertilised with urea become widely used and the i 
influence of soil properties on NH3 loss and the mechanisms involved, investigated (e.g. 
Lyster et al., 1980; Ferguson et al., 1984; O'Toole et al., 1985a; Rachhpal-Singh and Nye, 
1986c; Reynoldsand Wolf, 1987b; Martens and Bremner, 1989; Stevens et al., 1989). 
Currently, the generation of publications on the subject ofNH3 volatilisation is out-pacing 
the reviews being published. Moreover, none of the reviews yet published has dealt 
exclusively with NH3 loss from urea surface-applied on to unsaturated soils. The frequent 
citations of the above reviews are evidence for the need for an extensive review on this 
particular aspect. Comprehensive reviews are valuable for the researcher since the subject can 
be better understood and a needless repetition of research work avoided. Jones (1979) in an 
article on 'The Scientific Reviewer' emphasised that Ita good review, easily accessible to the 
scientific community could do as much to advance science as anyone or series o( original 
research paperslt. Therefore one of the major objectives of the current work is an extensive 
detailed literature review which forms Chapter 2 of this thesis. 
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Many of the reported NH3 volatilisation studies have been conducted in the laboratory, 
although recent emphasis has been on field measurements of NH310sses (Freney et al., 1981 
and 1983; Denmead, 1983; McInnes et ai., 1986a; Freney and Black, 1988). Nevertheless, 
virtually all studies on soil properties (physical, chemical and biological) influencing the NH3 
loss from surface-applied urea have been carried out under laboratory conditions (e.g. 
Ferguson et al., 1984; O'Toole et ai., 1985a; Reynolds and Wolf, 1987b; Martens and 
Bremner, 1989; Stevens et al., 1989). None of these studies have been perfonned on 
undisturbed soil cores obtained from the field. Since ammonia volatilisation from broadcast 
urea is a surface phenomenon, it is appropriate that the soil surface under investigation is 
representative of that found in the field. 
The other major objective of this thesis is to extend these earlier studies by relating the soil 
physical, chemical and biological properties (characterised in the laboratory) of a range of 
New Zealand soils to their potential to volatilise surface-applied fertiliser urea under specific 
fi~ld environmental cOJ:lditi<?n~ (Chapters 4 and 5). To better understand the volatilisation 
potential of these soils it was necessary to also monitor under field conditions the following: 
(a) processes such as urea hydrolysis and ammoniacal-N (NH3(aq) + NH/(aq) accumulation 
in soil, 
(b) transformations such as nitrification and immobilisation, and 
(c) environmental factors such as changes in soil moisture and soil surface temperature. 
This present study uses an enclosure method (with an active trapping system) to monitor NH3 
losses in the field. Enclosures may cause temperature build-up (Freney and Black, 1988), 
water vapour condensation on the system walls (Denmead, 1983) and mass flow of NH3 from 
the soil surface (Black et ai., 1985a). Micrometeorological methods for measuring NH3 
losses, on the other hand, are used under natural conditions and are considered reliable and 
free from these experimental artifacts (Denmead, 1983; Freney and Black, 1988). Since it is 
impossible to use micrometeorological procedures on widely distributed soils under identical 
environmental conditions, it was necessary to employ the enclosure method in the current 
study. Nevertheless, an attempt was made to compare the enclosure method with a 
micrometeorological technique (with active and passive trapping) at the site of the study. A 
microplot 15N recovery method (protected from rainfall) was also used to make further 
comparisons between methods for measuring NH3 loss and to study urea-N transformations 
under natural air movement. These investigations form Chapter 6. Finally, Chapter 7 forms 
the general discussion and conclusions section. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 INTRODUCTION 
The intensive farming practices employed to satisfy the growing global demand for food over 
the past few decades has required the heavy use of fertilisers. The importance of nitrogen (N) 
fertilisers for better crop and animal production has long been realised. As a result it is 
expected that the world consumption of N fertilisers at the end of the 20th century may reach 
as much as 80 million tonnes offertiliser-N per annum (Douglas and Cochrane, 1989). Such 
intensive use has led to increased losses of the applied-N through different pathways such as 
runoff, leaching, denitrification and volatilisation (Figure 2.1). 
Figure 2.1 The nitrogen transformations of a nitrogenous fertiliser 
applied to soil 
Chemodenitrification 
Biodenltrlflcatlon 
Surface runoff 
and erosion 
Leaching 
Fertiliser N 
Soil organic N pool 
Volatilisation 
Plant uptake 
Exchange site 
Interlattlce 
+ 
fixation of NH 4 
, 
The world wide acceptance of urea as an N fertiliser can be attributed to its considerable 
advantages over other N fertilisers. These include: higher N content (46% by weight), low. 
cost of production (uses inexpensive starting materials, CO2 and NH3), ease of transportation, 
handling, storage and application, high solubility in water, and low corrosion potentiaL Urea 
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has good compatibility with other fertilisers for the production of compound fertilisers; it can 
be applied to soil as a solid or in solution form and can be used in foliar sprays on certain 
crops. 
However, urea surface-applied to soil has.severaldisadvantages. Probably its major 
disadvantage is that it can lose considerable amounts of N through NH3 volatilisation (Fenn 
and Hossner, 1985). Soon after the application, urea dissolves in soil water and is 
transformed into NH3 and CO2 by the enzyme urease which is abundant in soil (Bremner and 
Mulvaney, 1978). A high activity of this enzyme can rapidly increase both the concentration 
of ammoniacal-N (NH3(aq) + NH/(aq» and the ~H in the soil, thus increasing the potential for 
NH310ss (Hauck, 1984; Fenn and Hossner, 1985). High NH3(aq) concentrations can also 
cause seedling damage (Cooke, 1962) and inhibit the oxidation of NO£ to N03 - (Bezdicek 
et al., 1971) which in turn can lead to phytotoxicity (Court et al., 1962) and N loss through 
chemical denitrification (Chalk and Smith, 1983; Gould et al., 1986). Since urea is a non-
ionic compound, it is also susceptible to loss through leaching especially under flood 
irrigation or very high rainfall (Singh et al., 1984; Francis and Haynes, 1991). 
The processes leading to ammonia volatilisation from urea are complex, involving a series of 
biochemical and physico-chemical steps (Vlek and Craswell, 1981). The rate of ammonia 
volatilisation may be controlled by anyone of these steps, thus a proper understanding of 
these processes is very important in urea related volatilisation studies. The major factors that 
influence the NH310ss from surface-applied urea are broadly categorised as: 
(i) environmental jactors (soil moisture and rainfall, temperature, wind speed, atmospheric 
NH3 concentration and plant cover), (ii) soil physicaljactors (texture), (iii) soil chemical 
jactors (pH, CEC, H+ ion buffer capacity, CaC03, presence of soluble cations and organic 
matter), (iv) soil biologicaljactors (microbial activity) and (v) agronomicjactors (rate, form 
and mode of urea application, liming, irrigation and the presence or absence of livestock) 
(Freney et al., 1981 and 1983; Fenn and Hossner, 1985; Freney and Black, 1988). McInnes 
et al. (1986a) stated, "with so many components to the volatilisation process, it is not 
surprising that there is still much controversy over the magnitude of loss that might occur in 
the field". 
Ammonia losses monitored in the laboratory are often very high and are difficult to 
extrapolate to the field (Fenn and Hossner, 1985). Some laboratory methods which have been 
adapted to measure losses in the field (such as the enclosure methods) may alter the actual 
process of NH3 volatilisation (Denmead, 1983; Freney et al., 1983; Freney and Black, 1988). 
Consequently, the recent focus has been on micrometeorological techniques for measuring 
NH310sses which cause little disturbance to the environment and the solIs (Denmead, 1983; 
Freney and Black, 1988). 
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A simple review on the above topics would just be a compilation of the past works. The 
objective of every review should be to act as a source of new ideas. A better understanding of 
these topics is only possible through a critical review, particularly of the reaction mechanisms 
of urea hydrolysis products and their solution chemistry. This should form a good foundation 
to the understanding of the processes involved in the volatilisation of NH3 from surface-
applied urea. 
2.2 AMMONIA VOLATILISATION PROCESSES 
As state4 previously, urea is hydrolysed by. the urease enzyme (urea amidohydrolase). 
'Urease-catalysed hYdrolysis' of urea is at least 1014 times as fast (at pH 7 and 38 0 C) as the 
'spontaneous hydrolysis' of urea which has never been observed in soils (Blakeley et al., 
1982). According to the Michaelis-Menten model, 
E+S -> ES -> E+P [2.1] 
where E = urease enzyme, S = ':lrea substrate, ES = urease-urea complex, and P = product; 
the rate of production, the concentration and the chemistry ofP are all very important to an 
understanding of the NH3 volatilisation process. 
Over the past four decades the majority of researchers have represented urea hydrolysis in 
soil as: 
[2.2] 
Thus the processes and mechanisms of NH3 volatilisation and the interpretation of 
experimental results have mainly been based on the erroneous assumption that (NH4hC03 is 
the end product of urea hydrolysis and that this compound causes the alkalinity around the 
applied urea which in tum increases the soil pH. In fact, urea hydrolyses into NH3 and an 
intermediate product, carbamic acid (H2NCOOH), which dissociates to form NH~ and CO2 
. " 
(Sumner and Somers, 1953; Blakeley et al., 1969). As early as 1969 it was demonstrated that 
the following reactions occur during urea hydrolysis (Blakeley et ai., 1969): 
[2.3] 
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[2.4] 
Urease enzyme is only required for reaction [2.3], the enzymatic cleavage of urea. Reaction 
[2.4] is simply the chemical hydrolysis of carbamic acid to NH3 and CO2, 
Since NH3 is a weak base it can remove protons (H+> from the soil solution to form NH/ 
according to the following reaction: 
[2.5] 
Some workers (e.g. Freney et al., 1981 and 1983) have considered H20 as the source of this 
H+: 
[2.6] 
In the soil solution, however, a reaction similar to [2.6] may not be particularly important due 
to the abundance of other alternative H+ sources such as H2C03 (generated by hydration of 
CO2 released from urea or soil respiration) and soil buffers such as organic acids and 
minerals. When insufficient H+ is present at the site of urea hydrolysis (referred to hereafter 
as the 'microsite') to fully buffer the NH3(aq) produced, the concentration of NH3(aq) increases 
(Hauck, 1984). The ratio of NH3:NH/ in the soil solution depends mainly on pH and 
temperature according to the following equation (Denmead et al., 1982): 
[2.7] 
where [NH3]aq and [NH/ + NH3]aq are the concentrations of NH3 and total ammoniacal-N in 
solution respectively, T is temperature (K) and pH is the soil solution pH. Thus an increase in 
[NH3](aq) in the microsite causes an increase in pH. This can be better explained by rewriting 
Eq. [2.7]; 
pH = 0.09018 + (2729.92/ T) - 10glO (NH/(aq) / NH3(aq) [2.8] 
According to Eq. [2.8], at 33 0 C when the approximate percentages of NH3(aq) in pure NH/ 
solution are 1, 10 and 50, the pH will be 7,8, and 9 respectively. Under steady-state 
conditions, the partial pressure of NH3(g)sOil in equilibrium with NH3(aq) is directly 
proportional to the activity of NH3(aq) in the soil solution (Henry's law) (Nelson, 1982). Since 
the partial pressure of NH3(g) at the solution-air interface is likely to be very low, NH3(aq) will 
be dehydrated from the solution and be released as NH3(g)soil (Rachhpal-Singh and Nye, 
1986c). The transformation of NH3(aq) into NH3(g)soil causes NH/(aq) to be deprotonated to 
form more NH3(aq) according to the reverse of the reaction in Eq. [2.5]. 
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The above processes lead to an increase in the NH3(g)soil concentration at the soil surface. The 
NH3(g)sonloss rate or flux F from the soil surface to the atmosphere has been described by a 
number of workers as: 
F = k [NH3(g)soil - NH3(g)atmos] [2.9] 
where, k is a transfer coefficient for NH3 volatilisation and NH3(g)atmos is the concentration of 
NH3(g) in the bulk atmosphere. According to Rachhpal-Singh and Nye (1986a), the value of k 
depends mainly on the temperature, the wind speed across the surface and the surface 
roughn~ss (Rachhpal-Singh and Nye, 1986a). Under conditions leading to high NH3(g)soil 
concentrations (e.g. urea applied to soils with high urease activity, or urea applied at high 
rates), the NH3(g)atmos concentration is likely to be very much less than NH3(g)soil so Eq. [2.9] 
reduces to 
F = k [NH3(g)soil] [2.10] 
(Rachhpal-Singh and Nye, 1986a; Kirk and Nye, 1991a). 
Under still-air conditions k has the magnitude typical of a diffusion coefficient. However, in 
the field, temperature gradients and wind movement can transfer NH3(g)soil much more 
rapidly from the soil surface and k is several times· greater than a pure diffusion coefficient 
(Vlek et al., 1981). Also under windy, soil drying conditions the high evaporation rate can 
cause a further increase in the value of k (Kirk and Nye, 1991a). Rapid soil drying enhances 
the diffusion or convection of NH3(aq) to the soil surface to further promote gaseous loss 
(Rachhpal-Singh and Nye, 1986c; Rachhpal-Singh, 1987). High NH3 fluxes tend to continue 
until urea hydrolysis is completed or inhibited at which time release of NH3(aq) from urea into 
the soil solution also ceases. Several workers have noted that the rapid decrease in NH3 flux 
usually coincides with the completion of urea hydrolysis (Harper et al., 1983; Black et al., 
1987b; Kirk and Nye, 1991b). Consequently, during conditions of high NH3 flux the forward 
reaction rate of NH4 +(aq) -+ NH3(aq) -+ NH3(g)soil will be many times greater than the reverse 
counterpart (Nelson, 1982). Therefore during rapid volatilisation, the equilibrium condition 
used by several workers to describe the interconversion of the various forms of 
ammoniacal-N (Le. NH/(aq) <* NH3(aq) <* NH3(g)soil) does not strictly exist in the surface soil. 
. This is because at equilibrium the rate of the forward reaction should be equal to the rate of 
the reverse reaction which is clearly not the case in this instance. 
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The production and release of NH3(g) following urea hydrolysis is well documented under 
flooded conditions (Bouwmeester and Vlek, 1981; Vlek and Craswell, 1981). However, the 
processes leading to the volatilisation loss of NH3 from urea broadcast on to unsaturated soils 
are more complex and more poorly documented. Nevertheless, numerous laboratory studies 
and the recent application of volatilisation models have led to a clearer definition of these 
processes (parton et al., 1981; Sherlock and Goh, 1983, 1985a and b; Rachhpal-Singh, 1987; 
Rachhpal-Singh and Nye, 1984a and b, 1986a, b and c; 1988a and b; Kirk and Nye, 1991a 
and b). Volatilisation models have identified the following as important: 
(a) the dissolution, diffusion and hydrolysis of urea; 
(b) the diffusion, protonation (into NH/(aq)) and dehydration ofNH3(aq) (into NH3(g)sou); 
(c) the diffusion, adsorption or desorption (chemical or physical), and deprotonation (into 
. + NH3(aq)) of NH4 (aq); 
(d) the diffusion (in soil), hydration (into NH3(aq)) and diffusion (into the atmosphere) of 
NH3(g)soi}; 
(e) the transportation of NH3(g)abnos; 
(f) the source of H30+ as influenced by: the diffusion of H30+ from zones of H+ buffering, 
volatilisation (during deprotonation of NH/(aq») and nitrification; 
(g) the diffusion (in soil), hydration (into H2C03) and diffusion (into the atmosphere) of 
CO2(g)soU; 
(h) the transportation of CO2(g)abnos; 
(i) the diffusion, deprotonation (into HC03-) (or into C032- in alkaline soils) and 
dehydration ofH2C03 (into CO2(g)soil and H20(,») and; 
G) the diffusion and reprotonation (into H2C03) of HC03-. 
The following processes may also influence volatilisation under certain conditions (Vlek 
et ai., 1981): 
(k) immobilisation (chemical or biological) and nitrification of NH/(aq)' and, 
(1) the mineralisation or remineralisation of organic-N (into NH/(aq»)' 
All of the above processes have been illustrated in Figure 2.2. The movement of these 
dissolved and gaseous chemical species in the soil depends mainly on diffusion or convection 
processes (Freney et al., 1983) which in turn depend on the soil temperature and micro-
environmental and physical conditions (Rachhpal-Singh, 1987). Conditions promoting high 
evaporation can cause upward solute movement by convection (Kirk and Nye, 1991a and b), 
wh~st high concentration gradients in soil caused by high NH3 volatilisation can also be 
conducive to upward diffusion (Rachhpal-Singh and Nye, 1986c). The movement of NH3 by 
diffusion or convection depends on the state of the NH3 present in the soil microsite, (Le., 
NH3(aq) or NH3(g»)' Under unsaturated conditions at a given pH, upward movement of 
NH3 (g) atm 
LoV{ atmospheric tl Hi~ atmospheric 
partial pressure I partial pressure 
Dehydration 
C Organic N :> 
~---
Wind ~---
~---
. COf atm. 
Lov,: atmospheric lHi~ atmospheric 
partial pressure partIal pressure 
--Soil respiration ) 
------------""" 
~ ~-~cl~~ 
y v I Deprotonation 
oil Jr buffer 
Figure 2.2 Diagrammatic representation of the physical, chemic~1 and biological 
transformations of a urea granule applied to an unsaturated 
bare soil surface 
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NH3(aq) increases with increasing 'soil solution diffusion impedance' which itself increases 
with increasing 'soil volumetric moisture content' (Rachhpal-Singh, 1987). However, at a 
given soil moisture content, an increase in pH will cause an increase in the proportion of the 
ammoniacal-N which moves as gaseous NH3. 
From the above discussion it becomes clear that the factors directly or indirectly influencing 
the NH3(g)soil concentration are also the factors responsible for NH3 volatilisation from soil 
fertilised with urea. These are discussed in the forthcoming sections. However, before any 
further discussion on the subject it is important to review the role of the CO2 released from 
urea (Eq. [2.4]) on the volatilisation of NH3. Although the influence of CO2 and its conjugate 
bases, HC03 - and col- ·are recognised in flood water chemistry (Vlek and Stumpe, 1978; 
Vlek and Craswell, 1981), several workers have overlooked or ignored the significance of the 
role of inorganic-C on the solution chemistry of NH3 released from urea in unsaturated soils. 
Those who have acknowledged its significance, however, tend to confuse readers by 
providing erroneous equations for the important reactions involved (e.g. Eq. [2.2]) (Terman, 
1979; Freney et al., 1981 and 1983; Fenn and Hossner, 1985). More recently, greater 
attention to the role of inorganic-C has been recognised and consequently the processes 
leading to volatilisation loss from urea are now better understood (Nelson, 1982; Sherlock 
and Goh, 1985 a and b; Rachhpal-Singh and Nye, 1986a, b and c; Kissel et al., 1988; Kirk 
and Nye, 1991a and b). Nevertheless, to help resolve any apparent confusion which may still 
remain I believe there is still a need to comprehensively examine the role of CO2 on the 
volatilisation process. 
2.2.1 Solution chemistry of CO2 released from urea in soils 
According to Blakeley et al. (1969) the CO2 released from urea is hydrated as follows: 
[2.11] 
It must be noted that Kc02 is 3.39 X 10-2 at 25 0 C which shows that decomposition of H2C03 
into CO2(g) is favoured thermodynamically. H2C03 is actually a mixture of CO2(aq) and 
H2C03 and it is customary to denote this mixture as ~C03 * and pure carbonic acid as 
H2C03 (Stumm and Morgan, 1970). In this discussion, however, all aqueous CO2 and ~C03 
are collectively represented as H2C03. Carbonic acid (H2C03) is a polyprotic acid and has 
two acid dissociation constants, Ka,l (4.3 x 10-7) and Ka,2 (5.6 x 10-11) (at 25 0 C) 
[2.12] 
[2.13] 
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The relative abundances of H2C03, HC03 - and C032- in a solution are clearly pH dependant. 
Thus the pH of the micro-environment around the hydrolysing urea granule, 'microsite pH', 
can be expected to change the equilibria between these inorganic forms of carbon. The pH of 
pure water in equilibrium with C02(g)atmos is 5.6. The pH of a system containing CaC03 in 
water in equilibrium with the atmosphere is 8.4 (Garrels and Christ, 1965). Therefore it is 
appropriate to discuss CO2 reactions in calcareous and non-calcareous soils separately in the 
following sections. 
2.2.1.1 Solution chemistry of CO2 in non-calcareous soils 
The solubility of CO2 in H20 is dependant upon the temperature, pH and the partial pressure 
of CO2, The net transfer rate of CO2 into or out of the soil solution depends on the difference 
in the partial pressure of CO2 in solution and CO2 in the gas phase. According to Stumm and 
Morgan's (1970) compilation, the global hydrosphere contains 0.3, 48.7 and 6.0 units of 
atmosph~ric CO2 in the form of~C03' HC03- and C032- respectively. These workers 
indicated that in fresh water H2C03 is the most abundant C species under acidic conditions 
« pH 6.5), HC03- being the dominant species between pH 7 and 10 and C03-- is the most 
abundant above pH 10. 
Several other reports have also shown or considered that HC03 -is the most abundant 
inorganic-C species in the pH range 7-9 in fresh water (Kiese and Hastings, 1940), 
unfertilised flood water (Miller and Colman, 1980), flood water fertilised with urea (Vlek and 
Craswell, 1981; Fillery et al., 1986a and b) and unsaturated soils broadcast with urea 
(Ferguson et al., 1984; Sherlock and Goh, 1985a; Rachhpal-Singh and Nye, 1986a, b and c; 
Kirk and Nye, 1991a and b). Stumm and Morgan (1970) stated that in waters with pH less 
than 9, the alkalinity and concentration of HC03- are practically identical. 
According to Eq. [2.12] H2C03 dissociates into H+ and HC03-. Water has a very low 
ionising capability with a dissociation constant of only 10-14 at 25 0 C. It is highly probable, 
therefore, that NH3(aq) obtains H+ from H2C03 because of its much higher dissociation 
constant. The following reaction appears more probable during the early stages of urea 
hydrolysis: 
[2.14] 
Note that for every 2 moles of NH3 produced from one mole of urea (Eq. [2.3] and [2.4]), 2 
moles ofH2C03 are required for the reaction in Eq. [2.14]. Since only one mole df~C03 is 
produced from each mole of urea hydrolysed, one more proton is required from some other 
source for the complete protonation of NH3 .. 
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The release of CO2 from urea and its subsequent dissolution in soil solution in the presence 
of high concentrations of NH3(aq) is not yet well documented and there have been few studies 
investigating this phenomenon (Rajaratnam, 1966; Kissel etal., 1988). Rachbpal-Singh and 
Nye (1986a) reported that the CO2 produced from soil respiration can be more important in 
influencing NH3 solution chemistry than that from urea hydrolysis. This is because urea 
hydrolysis is a rapid process and the effect of the CO2 released from urea would be 
significant only for a short time. However, other workers have established that CO2 released 
from urea is retained in soil solution and the proportion of urea-C retained is particularly high 
when urea is applied at high rates (Rajaratnam, 1966; Kissel et al., 1988). 
When the urea hydrolysis rate is slow, the NH3 released may not be sufficient to markedly 
increase the microsite alkalinity. Low soil pH and low NH310sses are direcdy associated 
with a slow hydrolysis rate (Bremner and Douglas, 1971b). Unlike NH/(aq)' H2C03 is 
unstable at low pH levels (PH < 7.0) and decomposes into CO2 and H20 rapidly. This may be 
the reason for the high proportion of urea-C released as CO2 at low rates of urea application 
detected by Rajaratnam (1966) and Kissel et al. (1988). At high rates of urea application, 
however, a greater proportion of the CO2 is retained in the more alkaline micro-environment 
of the soil solution while at the same time the acidic nature of the C02(aq) tends to prevent the 
soil solution pH from reaching extremely high levels (Kissel et al., 1988). Early work by 
Blanchar (1967) has shown that increasing the partial pressure of CO2 helped to retain more 
NH3 from applied NH40H by reducing the solution pH. 
It is known that in the pH range 9-10, CO2 reacts very rapidly with OH- to form HC03- (Eq. 
[2.15]) (Kern, 1960; Stumm and Morgan, 1970). 
[2.15] 
Thus at high pH levels CO2 is effectively held in the system. Such OH- consumption can also 
prevent the rapid rise in microsite pH levels which result in high NH3 losses from urea. 
Nevertheless, the ability of HC03- to buffer pH may itself be deleterious in the long term 
since the pH may be held at around 8 for a long duration. This can sustain NH3 losses for 
long periods (Rachbpal-Singh and Nye, 1986c). Sherlock and Goh (1985a) explained the 
observed changes in pH and volatilisation from urine and aqueous urea as occurring in 
stages. They hypothesised that stage 1 corresponded to urea hydrolysis and was characterised 
by a rapid increase in micro site pH due to the generation of NH3 and HC03 -. Stage 2 was 
presented as a pure NH3 loss process which was accompanied by a reduction in microsite pH 
followed by stage 3, a period of relatively constant pH (CI& 8) in which NH3 volatilisation was 
matched by an equimolar loss of CO2, At latter stages, CO2 evolution can cause the 
disappearance of HC03 -and a consequent reduction in buffer intensity and alkalinity. 
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In short, the reports available on the chemical equilibria of CO2 in water and soil solution 
suggest that a major proportion of the CO2 released from urea will be retained in the form of 
HC03- under alkaline conditions (PH 7-10). Therefore under these conditions urea applied to 
acid or neutral soils will result in NH/ (aq), NH3(aq) and HC03 -(aq) as the end products of urea 
hydrolysis. Overrein and Moe (1967) concluded that the urea hydrolysis product should be 
chemically similar to NH4HC03(aq) because the pH of soils in the immediate zone of urea 
application tend to reach a maximum value of 8.8 which is close to the pH of a saturated 
solution of NH4HC03' 
2.2.1.2 Solution chemistry of CO2 in calcareous soils 
The effect of CaC03 on NH3 losses from applied urea is well documented. Terman and Hunt 
(1964) in a crop response study on a limed soil postulated that NH/ salts and urea can form 
(NH4hC03 as an intermediate product which then decomposes into NH3 and CO2, Fenn and 
associates generated a series of publications on NH3 losses from urea applied to calcareous 
soils based on a similar hypothesis (Fenn and Miyamoto, 1981; Fenn et al., 1981a, b and c). 
Since (NH4)2C03 was believed to be the major product of urea hydrolysis, the presence of 
soluble Ca2+ in calcareous soils was considered to produce C032-precipitates according to 
the reaction in Eq. [2.16] (Terman, 1979; Fenn and Miyamoto, 1981; Fenn et al., 1981a and b 
. and 1982b). 
[2.16] 
It has been proposed by the above workers that such precipitation causes desorption'of Ca2+ 
from the exchange sites to allow substitution by NH/ and a consequent reduction in the 
concentration of alkaline (NH4hC03 and the volatilisation potential. I maintain that a more 
plausible explanation based on NH4HC03(aq) formation and dehydration of dissolved 
Ca(HC03h is more likely. This section outlines this alternative explanation. 
It is well known that the dissolution of CaC03 plays an important role in the solution 
chemistry of calcareous soils. The solubility of CaC03 depends on the partial pressure of 
CO2 (Amrhein et al., 1985), and the particle size and form of the CaC03 present (Ryan et al., 
1981). The smaller the particles, the higher their reactivity and hence the higher their 
solubility (Amrhein et al., 1985). Calcium carbonate is sparingly soluble in water and upon 
dissolution the pH rises rapidly to about 10 (Garrels and Christ, 1965; Amrhein et al., 1985). 
This is due to the formation of OH- and HC03 - from free col-: 
[2.17] 
(Tumer,1958; Garrels and Christ, 1965; Feagley and Hossner, 1978; Amrhein etal., 1985). 
However, when exposed to the atmosphere for 2-3 hours the pH of a CaC03 suspension 
drops to about 8.4 (Garrels and Christ, 1965; Amrhein et al., 1985). This drop in pH is 
caused by the dissolution of atmospheric CO2, 
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Based on the calculation done by Garrels and Christ (1965), when CaC03 dissolves the major 
ionic species present at pH 9-10 in descending order of concentrations ~e: Ca2+ > OH- > 
HC03 -> col- with H2C03 present in only a negligible amount. After equilibration with 
atmospheric CO2 the order is: HC03- > Ca2+ with C032-, ~C03 and OH- present in 
negligible amounts. It is apparent that CO2 reacts with OH- to generate HC03 - (Eq. [2.15]) 
which results in the disappearance of OH- and the drop in pH observed. After equilibration 
with atmospheric CO2 the alkalinity of a CaC03 suspension is due almost exclusively to the 
HC03 - ion, and the solution consists of Ca2+ and HC03 - in an approximate ratio of 1:2. Thus 
the dominance of HC03 - ion in the soil solution of calcareous soils strengthens the 
hypothesis of the presence of NH/ (aq)' NH3(aq) and HC03 -(aq) as a result of urea hydrolysis 
which is . similar to that in non-calcareous soils. 
It is important to note that the often quoted presence of col- in calcareous soil solution has 
led to some misleading statements about the reactions of urea in calcareous environments. 
For example, the apparent reduction in the levels of soluble and exchangeable Ca2+_and Mg2+ 
. in soils following urea application was argued to have been caused by Ca2+ or Mg2+ reacting 
with (NH4hC03(aq) to cause C032- precipitates (Terman, 1979; Fenn and Miyamoto, 1981; 
Fenn et al., 1981a, b and c). It is well known that the bicarbonates of Ca2+ and Mg2+ are quiet 
soluble but rather unstable so that any process favouring loss of H20 and CO2 could result in 
the precipitation of CaC03 or MgC03 (Tanji and Doneen, 1966). Reaction [2.18] appears to 
be a more likely explanation for the precipitation of CaC03 and disappearance of soluble and 
exchangeable Ca2+ than reactions involving free col- ion. 
[2.18] 
It also becomes clear that the volatilisation potential of a calcareous soil can be expected to 
increase if or when the soil is wetted. This is because CaC03 dissolution increases upon 
wetting and this will increase the soil pH by generating OH- ions (Eq. [2.17]). The increase in 
volatilisation potential may be more pronounced for ammonium salts than for urea especially 
if soil wetting immediately precedes the application of the fertiliser. This is because urea has 
to undergo a hydrolysis process during which time the dissolved CaC03 will be equilibrating 
with CO2 causing a reduction in pH. 
2.2.2 Reactions of urea hydrolysis products with excess cations 
Precipitation of free cations as in Eq. [2.18] can be very useful agronomically in base 
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saturated or homoionic clays and soils with high soluble cations (Du Plessis and Kroontje, 
1966; Tanji and Doneen, 1966). Such a phenomenon and its applications are being explored 
in an attempt to reduce the potential for NH3 loss from surface-applied urea (Mees and 
Tomlinson, 1964; Fenn et al., 1981a, band c, 1982b and 1990; Rappaport and Axley, 1984; 
Rheinbaben, 1987; Fenn, 1988; AL-Kanani et al., 1990; Gameh et al., 1990). A knowledge 
of the reaction mechanisms between free cations and urea hydrolysis products is essential for 
an understanding of NH3 volatilisation potentials. 
Mees and Tomlinson (1964) demonstrated that the application of neutr3I salts of soluble ea2+ 
could suppress the NH3loss from urea. Later Fenn (1988) and Fenn et al. (1981a and b, 
1982a and b, and 1990) also found that the addition of soluble Na\ K+, Ca2+, Mg2+ and 
NH/ salts significantly reduced the volatilisation loss of NH3 from applied urea. Similar 
observations were also made by Rappaport and Axley (1984) and Gameh et al. (1990) with 
KCI, Rheinbaben (1987) with MgS04 and Lightner et al. (1990) with CaCI2• The major 
reaction mechanism suggested was that of (NH4hC03 production from urea and its 
precipitation with Ca2+ as CaC03• This explanation has already been described and 
discounted in the previous section. At least four other hypotheses have also been proposed 
and these are discussed in this section. 
Hypothesis 1: Although the present discussion is focussed on the effect of excess cations it 
. has been proposed that anions may also contribute to a reduction in NH3 volatilisation 
potential. Fenn and associates maintain that in the presence of Cl- or N03- the acidic nature of 
the NH/ salt produced (NH4CI or NH4N03) may neutralise some of the (N14hC03. Thus it 
can be inferred that addition of an acidic material along with urea can reduce the 
volatilisation potential. However, according to Fenn and Richards (1986) the addition of an 
acid-urea mixture did not seem to reduce volatilisation losses to the extent that a urea-salt 
mixture did. 
Generally, loss ofNH3 from different NH4X salts applied to alkaline soils is not affected by 
the type of anion associated with the ammonium (Rao and Batra, 1983). However, the effect 
of a salt or acid material on NH3 loss from an acid or neutral soil does appear to depend on 
the type of anion or cation present in the salt (Mees and Tomilson, 1964) and also the type of 
acid material used (AL-Kanani et al., 1990). It is very difficult to draw any conclusions from 
these reports because factors such as soil type, experimental conditions, rate, form, type and 
mode of application of the material and the ratio of urea:material used can all influence the 
outcome. 
Hypothesis 2: Fenn et al. (1981a and band 1982b) and Fenn (1988) found that the addition 
of Ca2+ salts appeared to slow down the process of urea hydrolysis. This was interpreted as 
being caused by the Ca2+ salts forming a Ca-urea complex which was more resistant to 
hydrolysis than urea alone. Fenn (1988) gave the following equations by way of explanation: 
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[2.19] 
and, [2.20] 
These equations are inadequate for the following reasons: Firstly, in Eq. [2.19], CaCl2 will 
not be present in the above hydrated form since the fertiliser-salt mixture was applied as an 
aqueous solution. Secondly, the reaction in Eq. [2.20] is invalid due to the use of (NH4hC03 
as the end product of urea hydrolysis. 
Urea is. a weak base (pKb 13.8 at ~Oo C) and can form salt complexes with strongly acidic 
substances. However, it does not form complexes with neutral salts such as those containing 
Ca2+ (Broadbent and Lewis, 1964). Broadbent and Lewis .(1964) showed that soil saturated 
with Ca2+ readily leached urea while an acid saturated soil delayed the leaching. Thus the 
claim by Fenn and associates that urea forms a complex with Ca2+ salts has to be further 
investigated. 
On the other hand, there is evidence that the addition or presence of salt in soils can directly 
inhibit soil urease activity (Singh and Bajwa, 1986; Kumar and Wagenet, 1985; Rao and 
Ohai, 1985; Kumar et al., 1988). Fenn et al. (1982b) found that when urease was applied to 
. soil 12 days following the application of a urea-salt mixture an additional NH3 loss of 25% of 
the applied-N resulted. They concluded that urea was limiting potential volatilisation due to a 
salt complex formation. But these workers failed to verify this speculation by adding urea 
without adding more urease. If the substrate was limiting, enhanced volatilisation following 
the addition of more urea should have indicated the lack of substrate availability. Since the 
NH3 loss responded to the addition of more enzyme, it seems more reasonable to infer that 
enzyme availability was limiting and this was probably due to direct enzyme inhibition by 
salts. This area also clearly needs further investigation. 
Hypothesis 3: The pH levels reached by calcareous soils receiving Ca-urea mixtures are not 
generally as high as the pH levels reached when urea alone is applied. Fenn et ai. (1981b) and 
Fenn and Hossner (1985) obtained an empirical relationship between pH and soluble Ca2+ 
content of the form: 
pH = -1/2 log(Ca2+) - 1/2 log pC02 + K [2.21] 
from the publications by Turner and Clark (1956) and Cole (1957). Fenn and associates 
assumed a partial pressure of CO2 equal to atmospheric CO2 pressure which gave: pH = 6.73 
- 1/2 log (Ca2+). They then inferred that Ca2+ addition may have been responsible for one half 
of the total reduction in NH3 loss. This interpretation fails to acknowledge that the partial· 
pressure of CO2 in the micro site should be much higher than Fenn and associates assumed 
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since a substantial amount of CO2 is released during urea hydrolysis (Rajaratnam, 1966; 
Kissel et al., 1988). Such high partial pressures are conducive to much lower pH levels in the 
initial stages of hydrolysis than those estimated by Fenn and associates. 
Hypothesis 4: Gerrits (1977) reported that the application of gypsum (CaS04.2H20) 
reduced the NH3 loss from applied mushroom compost. It was proposed that the excess ea2+ 
displaced H+ from the organic matter complex to react with NH3(aq) to produce stable 
NH/(aq) which consequently reduced the pH and NH310ss potential. 
Clearly, considerable additional work is required to unambiguously establish which, if any, 
of these other hypotheses has a role in influencing the volatilisation of NH3 from urea. 
2.3 EQUATION FOR NET REACTION OF UREA IN SOIL 
There has been considerable confusion in the literature over the equation which best 
. describes the net hydrolysis of urea in soil. The major confusion has been over the nature of 
the inorganic-C species formed. Section 2.2.1 has clearly shown that the most abundant 
inorganic-C species in the soil solution in the pH range 7-10 is HC03 -. However, for very 
acid soils « pH 6.3) during the initial stages of urea hydrolysis H2C03 formation is certainly 
possible; 
[2.22] 
(Ferguson et al., 1984). Since the resultant pH from urea hydrolysis typically ranges from 7 
to 9, Ferguson et al. (1984) also proposed that the reaction equation for soils with near 
neutral pH is best represented as: 
CO(NH~2 + H+ + 2H20 -urease-> 2NH/ + HC03- [2.23] 
It was suggested that during the hydrolysis, H+ ions are consumed from the micro-
environment and this increases the soil pH levels and consequently the volatilisation losses. 
However, the presence of H+ ions on the left side of the above equations can be 
misinterpreted as the urea-enzyme reaction itself requiring acidity which it does not. 
Rachhpal-Singh and Nye (1984b) in their study of the diffusion of urea and its products used 
the following equation to describe urea hydrolysis: 
[2.24] 
However, again it must be emphasised that the hydrolysis reaction requires only H20, and. a 
substrate. The enzyme is only a catalyst and CO2 is not a necessary reactant. Later, the same 
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authors (Rachhpal-Singh and Nye, 1986a),during the development of a volatilisation model 
proposed a different urea hydrolysis equation: 
[2.25] 
The presence of OH- as a significant reaction product is not possible at the pH levels obtained 
in their study (maximum 8.6) so this equation also is unacceptable. It appears that in 
Eqs. [2.24] and [2.25] attempts have been made to include within the urea hydrolysis 
equation an acknowledgement of various other important reactions. A complete list of these 
would include (a) urea hydrolysing into NHg and CO2, (b) hydration of that CO2 to form 
H2COg (c) dissociation ofH2COg to form H+ and HCOg-, (d) hydration of soil respired CO2 
and its subsequent dissociation as in (c), (e) protonation ofNHg by H2COg and 
(t) protonation of NHg by H20. A single equation which includes all of these reactions is not 
possible. 
I propose that the equation used for the hydrolysis of soil-applied urea should be specific to 
the most significant reaction in the volatilisation process. This is the reaction in progress 
during the period of maximum NHg flux. Based on the present discussion the equation which 
best describes urea hydrolysis and the potential for the volatilisation of its major products is, 
2.4 ENVmONMENTAL FACTORS INFLUENCING AMMONIA 
VOLATILISATION FROM UREA 
[2.26] 
The environmental factors that can directly affect the rate of volatilisation are: soil moisture, 
rainfall, temperature and wind speed. In addition, plant cover can directly act as a source or 
sink of volatilised NHg and can indirectly affect the temperature of the soil by intercepting 
solar radiation. Several laboratory studies have examined the effects of soil moisture, relative 
humidity, temperature and air movement on NHgloss under controlled conditions. More 
recent advances in micrometeorological techniques allow the quantification of NHg exchange 
under natural field conditions and have provided some understanding of the seasonal effects 
on NHg loss from applied urea. 
2.4.1 Soil moisture and rainfall 
This section reviews published work on the effects of moisture including precipitation, and 
changes in relative humidity on NHgloss frotn surface-applied urea. 
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2.4.1.1 Dry soils: 
Urea applied to dry soil remains undissolved and does not hydrolyse to produce a source of 
NH3 (Bacon et al., 1986; Humphreys et al., 1988). Soils that are 'biologically dry' (below 
permanent wilting point) contain more moisture than air dry soils and hence are capable of 
hydrolysing urea (Vlek and Carter, 1983). However, when soils dry appreciably below 
permanent. w~lting_p<?int~rea ~y~~lysis is inhibited (Vlek and Carter, 1983; Sahrawat, 1984). 
Thus, initially dry soils or soils that have dried out soon after the dissolution of urea may 
retain a major portion of the applied-N as unhydrolysed urea until sufficient moisture is 
received for the enzymatic reaction (Black et al., 1987b). The relative humidity of the air 
becomes important to the NH3 volatilisation process when the water supply from the soil is 
too limited to facilitate urea hydrolysis (Reynolds and Wolf, 1987a). Under humid 
atmospheric conditions urea broadcast on to dry soils can deliquesce and hydrolyse. 
However, under these conditions the NH310ss rate will be considerably slower than under 
moist conditions (Ernst and Massey, 1960; Acquaye and Cunningham 1965; Yolk, 1966) and 
consequently it takes a greater time to attain similar overall NH310sses (Reynolds and Wolf, 
1987a). 
Urea hydrolysed under dry soil conditions tends to remain on the soil surface and is therefore 
susceptible to high NH3 losses. Since the NH3(aq) released from urea applied to dry .soils is 
poorly retained, such losses can be extensive during a repeated cycle of high and low 
humidity conditions in the field (Black et al., 1987b). Beyrouty et al. (1988a), however, 
demonstrated that urea prills (applied at the rate of 200 kg N ha-1) do not necessarily dissolve 
at high relative humidity levels such as 100% but dissolve at 'high specific humidity levels' 
(the actual maximum water content in the air). They showed that when specific humidity 
ranged between 10.6 g H20 m-3 air (16 0 C, 80% RH) and 16.2 g H20 m-3 air (19 0 C, 
100% RH), urea did not dissolve. However, when the specific humidity increased to 24.2 g 
H20 m-3 air (31 0 C, 75% RH) dissolution and subsequent hydrolysis and volatilisation 
occurred. 
2.4.1.2 Wet or moist soils: 
Generally, soils with a high moisture content sustain greater NH3 losses than soils with a low 
moisture content (Ernst and Massey, 1960; Catchpoole etal., 1983a; Bouwmeester et al., 
1985). Soils that have plant available moisture are considered to provide an ideal 
environment for urea hydrolysis and the other subsequent chemical and biological processes. 
But inconsistent effects of high soil moisture levels on NH3 losses from surface-applied urea 
are reported throughout the literature. These inconsistent reports may be attributed to various 
factors including: the varying effects of urea hydrolysis rates (Sankbayan and Shukla, 1976; 
Wickramasinghe et al., 1981; Sahrawat, 1984), soil types (Gasser, 1964), methods employed 
to measure the losses (Fenn and Hossner, 1985), or some interaction between the above 
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factors. With increasing moisture levels, light-textured soils can lose more NH3 (Nommik, 
1966) than heavier textured soils which show little effect (Martin and Chapman, 1951; 
Stumpe et al., 1984). Generally, soils with a high water holding capacity tend to retain more 
urea near the soil-air interface (Simpson, 1968). The longer it remains there the more 
vulnerable it is to NH3 loss. 
The movement of air in a forced-draft (active trapping) enclosure system can also cause rapid 
surface drying which can affect the urea hydrolysis rate and consequently the potential 
volatilisation losses (Fenn and Rossner, 1985). In contrast, static enclosure methods (passive 
trapping) may exert higher atmospheric NH3 partial pressures at the soil surface thus 
reducing the potential loss of NH3 from the soil. It is also plausible that under these 
conditions, the NH3 volatilised can be re-adsorbed (Reynolds and Wolf, 1988). 
Consequently, when passive trapping systems have been employed the NH310sses from urea 
reduced appreciably with increasing moisture levels (Musa, 1968; Prasad, 1976) 
2.4.1.3 Soil drying: 
Several micrometeorological studies have shown soil drying through evapotranspiration to be 
one of the most dominant environmental factors that can affect the NH3 flux in the field in 
the absence of rainfall (Harper et al., 1983; McInnes et al., 1986b; Hargrove et al.,J987) and 
often soon after rainfall (Bouwmeester et al., 1985; McInnes et al., 1986a). The effect of soil 
drying on NH3 loss can vary depending on the stage of urea transformation. If the soil 
undergoes rapid drying immediately following urea application the volatilisation potential is 
decreased due to a reduction in the dissolution of urea, the hydrolysis rate and therefore the 
extent of urea hydrolysis (Reynolds et al., 1985; Ferguson and Kissel, 1986; McInnes et al., 
1986a; Reynolds and Wolf, 1987a; Savant et ai., 1987b). Consequently; greater NH310sses 
can occur under wann moist soil conditions than under hot dry conditions (Beyrouty et al., 
1988b). The rapid development of a dry surface mulch may further reduce the volatilisation 
potential by preventing NH3 transportation to the soil surface (Freney et al., 1985b). 
On the other hand, if the onset of drying is delayed until the completi~n of urea hydrolysis, 
higher volatilisation losses can be sustained (Reynolds and Wolf, 1987a). Rapid drying 
following complete urea hydrolysis produces higher volatilisation from soils with a greater 
initial moisture content (Kresge and Satchell, 1960; Burch and Fox, 1989). This is because 
drying causes convective transport of urea hydrolysis products to the surface (see below). 
Such mass flow of soil solution to the surface can be pr~vented by maintaining a low water 
potential gradient. Thus more NH3 is lost from urea applied to wet soil as it dries\than when 
the soil is maintained at a constant moisture level (Martin and Chapman, 1951; Volk, 1959; 
Ernst and Massey, 1960). It has also been found that ammonia losses can be reduced when 
the evaporation is prevented (Kresge and Satchell, 1960). 
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But as mentioned previously, drying in response to evaporative conditions drives the process 
of NH3 volatilisation and can result in extensive NH3 losses from soils treated with urea 
(Lauer et ai., 1976; Ellington, 1986). This occurs even though the rate of NH3 volatilisation 
and the rate of water evaporation from soils follow different functions (Chao and Kroontje, 
1964); These workers found that at increasing air flow rates, the rate of water evaporation 
proceeded much more rapidly than the rate of volatilisation. In addition to these direct effects 
on dissolved NH3(aq)' rapid drying can also transport unhydrolysed urea to the soil surface 
through mass flow as water evaporates from the soil (Ferguson and Kissel, 1986). Once there 
the urea can hydrolyse and lead to further volatilisation losses. When a soil surface dries 
during urea hydrolysis, the majority of the NH3 produced is volatilised due to its poor 
adsorbance by the dry soil colloids (Mortland, 1958; Black et ai., 1987b). It is known that 
H20 and NH3 molecules compete for adsorption sites in dry soils and NH3 is easily replaced 
by H20 under humid conditions (James and Harward, 1964; Young and McNeal, 1964; Parr 
and Papendick, 1966). Such phenomena can enhance NH310sses. 
2.4.1.4 Soil rewetting: 
Urea remaining on the soil surface is more vulnerable to NH3 losses than that placed below 
the soil surface. A heavy precipitation or irrigation that occurs soon after the urea application 
can leach urea below the surface and reduce the potential for volatilisation (Terman, 1979; 
Boult and McGarity, 1987; Katyal et ai., 1987). This is because leached urea is protected 
from emission to the atmosphere following hydrolysis (Marshall and DeBell, 1980; Fenn and 
Miyamoto, 1981; Craig and Wollum, 1982) and the potential for NH310ss from urea is 
lowered with increasing quantities of water applied to either dry or wet soils (Fenn and 
Miyamoto, 1981; Bacon et al., 1986). Although urea moves less rapidly than N03- . 
(Broadbent et al., 1958), since it moves just behind the wetting front, generally a small water 
application to a dry soil can carry urea below the depth of possible capillary movement to the 
surface (Fenn and Miyamoto, 1981). However, excessive amounts of water application can 
move the urea below the rhizosphere producing a greater economic loss through leaching 
than that which would have occurred through the volatilisation process (Scotter et ai., 1984). 
Irrigation after the completion of urea hydrolysis may not cause any significant loss of 
applied-N below the rhizosphere (Smith and Freney, 1988) although this may not be a good 
practice since delaying water application until the completion of urea hydrolysis can still 
permit substantial loss of NH3 from broadcast urea (McInnes et ai., 1986a). 
Apart from leaching urea-N below the soil surface, precipitation can also depress'NH3 
volatilisation by decreasing the NH3 concentration in the soil solution (Bouwmeester et ai., 
1985; McGarry et al., 1987). Harper et al. (1983), however, emphasised that under field 
conditions NH3 loss rate is not related to the amount of ammoniacal-N in the soil, but more 
closely related to the period of urea hydrolysis. These workers explained that only during the 
urea hydrolysis period NH3(aq) accumulates in soil which subsequently increases the NH3 
volatilisation potential. Once the hydrolysis is complete, the NH3 flux falls to low rates 
reducing the potential for loss. A similar observation was made by Black et al. (1987b). 
When repeated H20 mistings were applied the rate of urea hydrolysis increased which was 
followed by a surge of NH3 losses until the completion of hydrolysis. Consequently, 
conditions of light precipitation which provide adequate moisture for urea hydrolysis but 
insufficient to leach urea result in high NH310sses (Fox and Hoffman, 1981; Craig and 
Wollum, 1982; Catchpoole et al., 1983b; McInnes et al., 1986b; Ferguson et al., 1988). 
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The effect of different intensities of precipitation or irrigation also depends on the initial soil 
moisture status. The higher the initial soil moisture, the greater the extent of leaching (Black 
et al., 1987b). It must also be noted that the timing of rewetting also depends on the 
hydrolysis rate of urea in the field. If the hydrolysis rate is low, rewetting can be delayed for 
1-2 days following urea application without affecting the NH310ss (Fox and Hoffman, 1981; 
Oberle and Bundy, 1987). During warm weather conditions, however, rewetting should be 
performed as soon as possible after urea application since substantial losses of NH3 can occur 
within a day of urea or urine application (Ball et al., 1979; Vallis et al., 1982; Harper et al., 
1983; Sherlock and Goh, 1984). 
2.4.2 Temperature 
Temperature can influence the volatilisation of NH3 from urea applied to soils at different 
stages of the urea-N transformation process as follows: 
(i) The urea dissolution rate is increased with increasing temperature. Thus urea is 
more rapidly available for the subsequent hydrolysis reaction. 
(ii) The urea(aq) diffusion coefficient increases with increasing temperature 
(Sadeghi et al., 1988). Thus, faster urea movement at higher temperatures enhances the 
contact with soil urease. 
(iii) High temperatures also favour faster diffusion of ~ +(aq)' NH3(aq) and 
NH3(g) within and from the system (Freney et al., 1981; Hauck, 1984). 
(iv) Urease enzymatic activity increases linearly with temperature (Gould et al., 
1973; Bremner and Zantu, 1975; Dalal, 1975) resulting in more rapid hydrolysis. 
(v) Increasing temperature can cause the rapid and exponential transformation of 
NH/(aq) into NH3(aq) (Eq. 2.7), and NH3(aq) into NH3(g) (Sherlock and Goh, 1983) increasing 
the potential for NH3loss. 
(vi) Higher temperatures also enhance soil water evaporation resulting in soil 
surface drying (Section 2.4.1.3), which results in 
(a) increased NH3(aq) and NH/(aq) concentrations (Vlek et aI., 1981), and 
(b) capillary movement of unhydrolysed urea and the hydrolysis products to the soil surface 
(Ferguson and Kissel, 1986). 
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(vii) Increasing temperatures appear to increase the rate of nitrification and 
immobilisation (Gould et al., 1986) thus reducing the ammoniacal-N in the microsite 
resulting in lowered potential for volatilisation (Keeney and MacGregor, 1978; Fleisher and 
Hagin, 1981). 
Increasing air and soil temperature are often reported to increase the loss of NH3 from urea 
broadcast onto soils (Volk, 1959; Ernst and Massey, 1960; Acquaye and Cunningham, 1965; 
Watkins et al., 1972; Prasad, 1976; Lyster et al., 1980). At low temperatures, the rate ofNH3 
loss is low and it requires a longer duration to sustain the amount of losses achieved at higher 
temperatures (McGarry et al., 1987). Although the freeze/thaw cycles on temperate soils are 
common processes, work done on the effects of freezing and thawing on the volatilisation 
loss from applied urea are virtually nonexistent. Edwards and Kil1ham (1986), however, 
demonstrated that freezing and thawing enhanced the rate of NH3 and denitrification losses 
from applied urea. 
Under natural conditions, solar radiation is directly responsible for the changes in 
atmospheric and soil temperatures. The diurnal fluctuation of temperature caused by the 
radiation leads to higher losses of NH3 during the day time. The resulting 'diurnal pattern of 
NH310ss' has been noted by many workers (McGarity and Rajaratnam, 1973; Denmead 
et al., 1974; Freney et al., 1981; Harper et aI., 1983; Ryden and McNeill, 1984; Mchmes 
et al., 1986a and b; Hargrove et al., 1987; Black et al., 1985a and b and 1989; Ferguson 
et al., 1988; Clay et al., 1990). Black et al. (1989), pointed out that the maximum NH310ss 
rate, however, appeared to occur slightly before the temperature maximum. It was suggested 
that the NH3(aq) which accumulated overnight at the soil-air interface was lost rapidly as 
temperature increased, but once lost was not replenished from the subsurface area at a rate 
sufficient to sustain the loss rate. 
This diurnal cycle of temperature also induces a wetting and drying cycle in the soil (Cary, 
1966; Pikul and Allmaras, 1984; Hargrove et al., 1987; Clay et al., 1990). According to Clay 
et al. (1990), maximum water potential was observed between 0300 and 0900 hours, while 
minimum water potential was between 1500 and 2100 hours. The peak loss for the day 
appeared to be associated with the soil drying period. It has also been stated that losses are 
generally higher during warm-dry conditions than cool-moist conditions (Ball and Keeney, 
1983; Beauchamp et al., 1982). On the other hand, warm conditions also cause soil drying 
which may in turn inhibit urea hydrolysis and result in lower NH3 fluxes (Titko et al., 1987). 
2.4.3 Wind speed 
Theoretically, wind movement enhances the 'removal of NH3(g)soil from the soil-air interface 
(Haynes and Sherlock, 1986). This in turn promotes NH310ss by maintaining a low parti31 
pressure of NH3(g)soil at the soil-air interface which increases the diffusion rate of NH3 from 
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the soil or soil solution in response to a large partial pressure gradient (Vlek et al., 1981; 
Nelson, 1982). In the absence of wind movement or during periods of very low wind speed, 
the concentration of ammoniacal-N increases in the soil solution, thereby increasing the 
potential for high fluxes when high wind speeds resume. 
Investigations on wind speed as a factor affecting the NH3 loss were only initiated about two 
decades ago following the introduction of micrometeorological methods (Denmead et al., 
1974). Since NH3(g) is highly soluble in water, its gas phase resistance is minimal and 
therefore under flooded conditions wind speed shows a linear relationship with NH3 flux 
(Denmead et al., 1982; Fillery et al., 1986a). However, under unsaturated conditions 
laboratory tests have shown that NH3 losses increase with increasing wind speed only up to 
some maximum value and thereafter remain constant (Watkins et al., 1972; Kissel et al., 
1977; Rachhpal-Singh and Nye, 1986c). It should be noted that the losses measured were 
cumulative losses for periods of 40 hours (Kissel et al., 1977),5 days (Watkins et al., 1972) 
and 7 days (Rachhpal-Singh and Nye, 1986c). 
Rachhpal-Singh and Nye (1986c) reasoned that under unsaturated conditions air movement 
has only a limited influence on the NH3 flux since NH3 flux continues to increase until the 
soil surface pH drops to low levels. At this stage, diffusion of HC03 - to the soil surface 
appears to be the rate limiting step in NH3 volatilisation. These workers emphasised that 
unlike a flooded situation the diffusion of NH3(aq) is not rate limiting under unsaturated 
conditions. This was evidenced in their study by the presence of high surface ammoniacal-N 
concentrations even during periods of low NH3(g) flux. 
The above finding by Rachhpal-Singh and Nye (1986c) shows that the effect of air . 
movement on NH3 flux and total NH3 loss may also depend on the soil type. Laboratory 
studies have often used only one soil type for this purpose and it is difficult to generalise 
these findings for other soil types. One such study showed that the air movement above 
which the total NH3 loss for a 40 hour period remained constant was 0.05 m s-1 (Kissel et al., 
1977). Such air movement is very low when compared with that which typically occurs in the 
field (Hargrove et al., 1987). When field wind speeds were simulated in a wind tunnel, the 
NH3 fluxes recorded were similar under natural (micrometeorological) and wind tunnel 
conditions, but without the simulation the loss recorded by wind tunnel was very low (Ryden 
and Lockyer, 1985). This may be because in addition to the removal of NH3(g)soil' wind 
movement can also cause soil moisture loss which in turn increases the NH3 flux. Thus it can 
be assumed that enclosure methods which rely on low simulated wind speeds, may 
underestimate NH3 fluxes under natural conditions. However, total NH3 losses measured 
using enclosures may still provide a realistic measurement of total NH310sses under field 
conditions (Black et al., 1985a and 1989). More recently, it has been demonstrated that wind 
speed can influence NH3 fluxes through its relatively minor effect on transfer coefficients and 
more significantly through an indirect influence on evaporation (Kirk and Nye, 1991a). Thus 
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it appears that under high atmospheric humidity conditions (non-drying conditions) the effect 
of wind speed on NH3 flux will be felt mainly on the transfer coefficient. 
But as noted earlier, high wind speeds under dry atmospheric conditions, cause high rates of 
evapotranspiration which in turn cause soil drying. Soil drying can either reduce NH3 fluxes 
by inhibiting urea hydrolysis or promote losses of NH3 by mass flow of urea hydrolysis 
products to the soil surface (Section 2.4~ 1.3). Consequently, there is considerable 
disagreement over the reported effects of wind speed on NH310ss under unsaturated field 
conditions. In some reports, wind speed appears to be the do~nant factor influencing the 
NH3 flux (Jarvis et al., 1989a and b) while other workers have found no such relationship 
(Denmead et al., 1974; Beauchamp et al., 1978 and 1982). Generally, high wind speeds 
coupled with warm temperatures favour rapid rates of NH3 volatilisation (McInnes et al., 
1986b; Brunke eta!., 1988; Pain et al., 1989). On the other hand, substantiallosses ofNH3 
can also be sustained with a combination of high wind speeds and low field temperatures 
(Black et al., 1985a; Ferguson et al., 1988; Black et al., 1989). It is concluded that since 
other factors such as rainfall, temperature and relative humidity changes also influence the 
rate of NH3 loss in the field, it is very difficult to isolate one particular meteorological factor 
responsible for the changes in NH3 loss. 
2.4.4 Seasonal effects 
As stated above, the environmental factors considered thus far are not independent under 
field conditions (Brunke et al., 1988; Jarvis et al., 1989a and b). In the field, NH310sses can 
be affected by a combination of these factors (McInnes et al., 1986a). Consequently, studies 
on seasonal effects are also often confusing and inconsistent. The intensity of radiation, 
atmospheric temperature, rainfall and wind speed vary according to the season and often 
result in different seasonal patterns (or magnitudes) of NH310ss for a particular soil type. 
During a warm season NH3 flux is more related to temperature than any other meteorological 
factor (Harper et al., 1983). Thus the rate of NH310ss is generally greater during warm 
seasons. Field studies have often shown that the NH310ss recorded during autumn and 
summer are greater than in winter and spring (Craig and Wollum, 1982; Catchpoole et al., 
1983a; Sherlock and Goh, 1984). This is because urea hydrolysis rate is directly related to the 
higher soil temperature (Black et ai., 1985a). Once urea hydrolysis is complete, NH3 fluxes 
fall to low rates (Harper et al., 1983; McInnes et al., 1986a). Thus at the early stages of a 
volatilisation event, temperature appears to influence the rate of NH3 loss differently for 
different seasons. However, such seasonal temperature patterns may not be reflected in the 
amount of NH3 loss. Substantial losses of NH3 have also been recorded during cold dry 
periods (Ryden, 1984; Theobald and Ball, 1984; O'Toole and Morgan, 1988) and cold wet 
periods (Catchpoole et ai., 1983a). A majority of studies have shown that although the NH3 
fluxes are greater during warm seasons, the cumulative losses are similar for both warm and 
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cool seasons (Harper et al., 1983; Black et al., 1985b). These similarities in NH310sses 
between the seasons for a given soil indicate that soil properties appears to be more dominant 
factors determining NH3 volatilisation potential. 
2.4.5 Presence of plant cover 
An undisturbed plant cover over the soil surface consists of plant tops and decomposing 
residues. For example, turfgrass or pasture consists of thatch which is a tightly intermingled 
layer of living and dead stems, leaves, and roots located between the soil surface and the 
green vegetation (Nelson et al., 1980). Thatch can intercept a major portion of the applied 
solid or solution urea (Roult and McGarity, 1978; Bowman et al., 1987; Reynolds and Wolf, 
1988). In the case of crops or forest trees, urea broadcast on to soils can often be intercepted 
by the decomposing plant residues (Roberge and Knowles, 1967; Barreto and Westerman, 
1989). Since the chemical and physical composition of the surfaces of plant tops or residues 
are different from that of soil, the fate of urea applied to the grass cover is different from that 
of urea applied to bare soil. The fate of surface-applied urea and other N fertilisers applied to 
turfgrass and its implications have been reviewed recently (Petrovic, 1990). In addition, it is 
well known that the presence of plants and residues can affect the microclimate around the 
surface-applied urea. The study of the effect of the plant cover on the loss of NH3 from 
broadcast urea is further complicated by the fact that plants exchange appreciable quantities 
of NH3(g). All these factors are discussed here. 
2.4.5.1 Interception by plant tops 
Depending on the canopy density and height a significant portion of urea broadcast on to 
pasture can be retained by the plant tops (Hoult and McGarity, 1978). Also a portion of the 
urine voided by grazing animals on to pasture can be intercepted by leaf surfaces (Sherlock 
and Goh, 1985b). Thus the net loss of NH3 from urea or urine deposited on to pasture can be 
influenced by a combination of plant and soil characteristics. 
Evidently, grass sods possess more urease activity (per gram) than soils (Torello and Wehner, 
1983; Hoult and McGarity, 1986 and 1987). Urease activity in the phyllosphere is inversely 
related to the grass height above the soil surface and more activity is found on mature or 
senescing grass phylloplanes (Roult and McGarity, 1986; Bowman et al., 1987). Moreover, 
the type, height and age of the pasture sward can influence the urease activity of the 
underlying soil (Hoult and McGarity, 1986). Work done by McGarity and Hoult (1971) 
showed that NH310ss from aqueous urea applied to soil was much higher (17.9%) than that 
applied to the phyllosphere alone (5.3%). This may be because the percent of the total 
potential activity of urease is higher in soils (Hoult and McGarity, 1986) and/or the rapid 
drying of urea solution on the phylloplane results in inhibition of hydrolysis (Titko et al., 
1987). 
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The contribution of plant components to the NH3 loss from urea surface-applied to pasture 
also depends on the mode of application. Losses of NH3 from urea applied to the grass cover 
can be minimised significantly if urea can be placed below the phyllosphere (Bowman et al., 
1987). When granular or crystalline urea is broadcast on to soils with grass cover, a majority 
of the applied urea may be suspended in the phyllosphere without reaching the soil surface. 
This can cause greater NH310sses than in situations where the urea comes into contact with 
the soil itself (Yolk, 1959; Jackson and Burton, 1962). Titko et al. (1987) reported that 
ammonia losses were higher from granular urea than from dissolved urea applied to turfgrass. 
It was proposed that higher NH3 concentrations occurred around the granules than in the soil 
following a solution application and this resulted in higher losses from granular applications. 
It was also shown that a subsequent irrigation was more effective in reducing NH310sses 
following granular urea applications than following aqueous urea applications. The authors 
claimed that the aqueous urea that coated the phyllosphere has many lodging sites for 
physical entrapment (Le., collar, underside of blade, sheath etc.) which reduces the mobility 
of the urea even where irrigation is applied. 
2.4.5.2 Interception by plant residues 
Plant residues under a grass cover consist of dead portions of the thatch. Crop residues 
mainly contain stubble and dead leaves while forest soils are mainly covered with dead 
leaves and humus. The urease activity of these plant residues are much higher than the 
underlying soil and living plant tops (Roberge and Knowles, 1967; Yolk, 1970; Torello and 
Wehner, 1983; Hoult and McGarity, 1986 and 1987; Bowman et at., 1987; Beyrouty et al., 
1988a). Such residue layers therefore have a profound effect upon the fate of applied urea. 
Urea intercepted by a thatch layer can sustain greater NH310sses than the urea in contact with 
the underlying soil (Nelson et al., 1980; Torello et al., 1983; Bowman et al., 1987). 
Similarly, urea surface-applied to mulched soil can sustain substantially more NH310ss than 
urea applied to bare soil (Hargrove et al., 1987). Sufficient irrigation or the application of 
dissolved urea in a large quantity of water appears to suppress such loss by transporting the 
urea-N below the soil surface (Torello et ai., 1983; Bowman et al., 1987; Titko et al., 1987). 
The presence of plants and plant residues also appear to increase the urease levels in the 
underlying soil. Significant increases in urease levels were reported from no-till soils 
underlying corn (Klein and Koths, 1980), wheat residue (Barreto and Westerman, 1989), 
pasture (Simpson, 1968; O'Toole et al., 1985b; Reynolds et al., 1985; Hoult and McGarity, 
1986) and forest trees (Pancholy and Rice, 1973; Cochran et al., 1989). Such higher urease 
activity may enhance volatilisation losses from surface applications of urea. ' 
Unlike soil urease activity, urease levels in plant residues are highly variable and sensitive to 
environmental changes. Torello and Wehner (1983) have shown that air-drying thatch can 
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result in a substantial increase in urease levels due to an apparent proliferation of microflora. 
They also reported that urease levels in thatch vary significantly according to the season and 
sampling site, in contrast to the remarkable stability displayed by the underlying soil. It must 
also be emphasised that thatch or other plant residues dry out faster than soils (Nelson et al., 
1980) and like urea intercepted by plant tops, NH3 fluxes and inhibition of urea hydrolysis 
due to drying will be more rapid in plant residues than from soils. 
2.4.5.3 Effect of plant cover on microclimate 
A dense plant canopy can efficiently shade the soil surface from solar radiation and thereby 
alter the microclimate above the soil surface. Interception of radiation or shading results in 
lower soil temperatures which in turn results in lower NH3 losses from broadcast urea 
(Acquaye and Cunningham, 1965; Oberle and Bundy, 1987; Black et al., 1989). A plant 
canopy can also reduce wind speeds which leads to a further reduction in NH310sses 
(Denmead et al., 1982; Smith et al., 1989). Plant residues deposited on the soil surface can 
also reduce the soil temperature and soil water evaporation, again reducing the NH3 losses 
(Clay et al., 1990). However, if the plant cover is insufficiently dense, it can behave similarly 
to its bare counterpart. For example, Nommik (1966) reported that a normally-spaced barley 
crop cover was relatively ineffective in preventing the volatilisation losses from surface-
applied urea. 
Despite the possible dominant role of microclimate on the loss of NH3 from urea applied to 
soil with plant cover, lower losses of NH3 under plant cover can also result from the 
absorption of NH3 by plants (Denmead et ., 1976 and 1978; Hoult and McGarity, 1987). 
Black et al. ( 1989), however, maintained that the lower NH3 loss recorded from soil'covered 
with wheat plants was due to either the restricted air movement in the plant canopy or the 
lower soil surface temperature due to shading. These workers dismissed the possibility that 
the difference in NH3 losses between the bare soil treatment and the treatment containing 
plants was due to absorption by plants because the potential plant absorption must have been 
low due to a very small LAI (Leaf Area Index). 
2.4.5.4 Ammonia exchange by plants 
This topic has received considerable attention (Denmead et al., 1976 and 1978; Farquhar 
et al., 1980; Lemon and Van Houtte, 1980; Sinclair and Van Houtte, 1982) and been the 
subject of several reviews (Wetselaar and Farquhar, 1980; Farquhar et al., 1983). Apparently, 
plants can act as either a source or sink for gaseous NH3 in the atmosphere. It is beyond the 
scope of this current review to detail the plant physiology and metabolism involved in such a 
phenomenon except to note that the exchange by leaves is greatly influenced by the 
concentration of NH3(g) in the atmosphere (Farquhar et al., 1980; Wetselaar and Farquhar, 
1980). 
Plant absorption (influx), and/or release (efflux) of NH3 are measured using both chamber 
and micrometeorological methods. Chamber methods enable the isolation of plant NH3 
exchange from that of the underlying soil, although this is not possible when 
micrometeorological methods are used (Denmead et al., 1976 and 1978; Catchpoole et al., 
1983a; Harper et al., 1983). 
(a) NH3 absorption by plants 
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Hutchinson et al. (1972) and Porter et al. (1972) initially demonstrated the ability of plants to 
absorb NH3 gas in growth chamber studies. Plant absorption of NH3 increases linearly with 
increasing ambient NH3 concentration (Porter et al., 1972; Rogers and Aneja, 1980; Lockyer 
and Whitehead, 1987; Janzen and Bruinsma, 1989) but the proportion absorbed is lower at 
higher concentrations (Porter et al., 1972). Plant absorption and tolerance ofNH3 also varies 
both within and between species (Hutchinson et al., 1972; Rogers and Aneja, 1980; Van Der 
Eerden, "1982). When the tolerance level is exceeded, NH3 can cause necrosis, growth 
reduction, growth stimulation and increased frost sensitivity. Plants are more sensitive to 
NH3 in the dark than in the daylight and more tolerant to NH3 in warm temperatures (Rogers 
and Aneja, 1980; Van Der Eerden, 1982). So plants display a diurnal pattern of NH3 
absorption; high during the day and low at night (Hutchinson et al., 1972). This is further 
moderated by high levels of available soil N which cause a general reduction in NH3 
absorption (Lockyer and Whitehead, 1986)~ 
Gaseous NH3 is not just superficially absorbed and held by the leaf tissue, but is efficiently 
assimilated with a small proportion being transported to the roots (Lockyer and Whitehead, 
1986; Janzen and Bruinsma, 1989). For example, 50% of ambient NH3-N assimilated by 
wheat crops was found to be present below ground after 2 months, of which half appeared to 
have been subsequently released into the rhiwsphere (Janzen and Bruinsma, 1989). Leaf 
absorption of NH3 by the plants can have beneficial. effects on plant growth (Cowling and 
Lockyer, 1981). 
Thus it becomes clear that plants have the potential to act as a sink for gaseous NH3 
particularly when the ambient concentration of NH3 is high. In this manner plants can derive 
substantial amounts of N from the atmospheric NH3 pollution arising from industrial areas 
and farmyards when the atmospheric concentrations are below toxic levels but above normal 
ambient concentrations (Van Der Eerden, 1982). Lockyer and Whitehead (1987) estimated 
that about 15-20% of rye grass· plant N could be derived from the NH3 in the atmdsphere 
" within an average canopy of grazed grass swards. Plant absorption of NH3 is clearly an 
important component of the global N cycle, so it is somewhat surprising that various studies 
have not considered this process in their N balance sheets (Stiderlund and Svensson, 1976). 
Although numerous absorption studies have been performed through the direct exposure of 
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plants to gaseous NH3, there has been no work done to specifically measure plant absorption 
of NH3 evolved from urea broadcast on to soil. 
(b) Release or loss of NH3 from plants 
Different species of plants release different amounts of NH3 and this also varies from 
different parts of the same plant (Wetselaar and Farquhar, 1980). Plants also tend to lose 
more NH3 at certain stages of their life; particularly during the vegetative (Stutte et al., 1979) 
or flowering (Hooker et al., 1980) stages. It has also been noted that gaseous losses of N from 
plants are directly related to the temperature and transpiration rate (Stutte et al., 1979). 
Denmead et al. (1978) stated that the net transfer of NH3 from a corn crop appears to depend 
on the wetness of the soil and the extent of evaporation. Consequently, plant loss of NH3 also 
tends to follow a diurnal pattern (Denmead et al., 1978; Stutte et al., 1979). 
Researc~ has also shown that crops affected by disease lose more NH3 than their healthy 
counterparts (Jenkyn and Finney, 1984). And there seems to be wide agreement that 
senescing plant parts lose more NH3 than non-senescing plant parts (Farquhar et al., 1979; 
Wetselaar and Farquhar, 1980; Q'Deen, 1989). It should be appreciated, however, that typical 
release rates of plants, irrespective of their growth stage or condition are many times less than 
the NH3 release rates from the underlying soil following a urea application. Thus plant loss of 
. NH3 can be considered insignificant in determining the overall fate of urea-Napplied to soil. 
From the above discussion it appears that broadcasting urea on to taller and denser vegetative 
cover (either pasture or crops) could be an efficient way of reducing NH310ss to the 
atmosphere. However, maintaining a tall canopy of living vegetation for the whole year to 
deliberately help to reduce NH3 losses is generally not possible. Under sparse plant cover, 
although rapid changes in soil temperature and moisture could influence NH3 loss to some 
extent, these effects are not as important as the soil properties and the major NH3 loss 
compartment still appears to be the soil. Most workers maintain that the volatilisation 
potential of a particular soil is more directly affected by the soil characteristics than the crop 
growing in that soil (O'Toole et al., 1985a; O'Toole and Morgan, 1988). 
2.5 SOIL FACTORS INFLUENCING AMMONIA VOLATILISATION FROM 
UREA 
Soil reactions with urea involve the transformation of urea-N into NH3(g)' NH3(aq}' NH/(aq)' 
exchangeable NH/, fixed NH/, N02-, N03-, biomass or organic-N, N20, NO, N02 and N2• 
Urea-C is transformed into CO2(g)' H2C03, HC03- and C032- (SlYction 2.2). Urea broadcast 
on to different soils can display a range of losses of NH3 under similar environmental 
conditions due to varying soil characteristics. This phenomenon is often referred to as the 
soil's 'volatilisation potential' (Chapter 1). The present discussion attempts to extensively 
analyse the role of soil factors on the NH3 volatilisation potential of soils. 
2.5.1 Urease activity 
2.5.1.1 Background 
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The presence of different levels of soil urease can alter the rate of urea hydrolysis (Singh and 
Bajwa, 1986). High levels of urease in soil induce rapid hydrolysis of applied urea, resulting 
in a fast accumulation of NH3(aq) in the microsite which leads in turn to high NH3 losses 
(Hauck, 1984; Fenn and Hossner, 1985; Rachhpal-Singh and Nye, 1986c). Consequently, 
processes (e.g. soil drying) or practices (e.g. application of urease inhibitors) that can inhibit 
or reduce the urease activity appear also to reduce the volatilisation potential of a soil. The 
large number of reports of the effects of soil urease inhibitors on NH3 loss from urea fertiliser 
is evidence of the central role that urease activity plays (Bremner and Douglas, 1971a). 
The subject of urease activity has been comprehensively reviewed by Bremner and Mulvaney 
(1978) and updated by Mulvaney and Bremner (1981). This section of the current review 
focuses on those factors influencing urease activity in soils and the effect of urease activity 
on NH3 losses from surface-applied urea. 
The urease activity of a soil is generally measured by incubating a given soil with a buffered 
or unbuffered urea solution of defined concentration for a specific time at a particular 
temperature. The soil is then analysed for unhydrolysed urea and the rate of decomposition or 
hydrolysis is calculated per weight of oven dry soil (Tabatabai, 1982). The greater the 
amount of 'active' urease present in the soil, the faster the hydrolysis rate. Thus the rate of 
hydrolysis should reflect a soil's 'urease activity'. The term 'urease level' is sometimes used 
inappropriately to mean urease activity but the two terms are not synonymous. Sometimes 
the measured hydrolysis rate may not reflect the actual 'urease level' in a soil because some 
or all of the urease may be inhibited by certain chemical or biological factors (see next 
section). The actual 'urease level' can be assessed by the extraction and purification of the 
urease (Blakely et al., 1969), however this process is expensive and laborious and is not often 
carried out. In volatilisation studies an assessment of the index of 'active' soil urease is 
sufficient and any urease which does not participate in urea hydrolysis reaction is of minor 
importance. 
Different assay methods result in different estimates of urease activity (Zantu and Bremner, 
1975a; Bremner and Mulvaney, 1978). Therefore the interpretation and companson of urease 
activity values in the literature is not a simple matter. 
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2.5.1.2 Factors influencing soil urease activity 
(a) Moisture 
Since urea hydrolysis can not occur in the absence of moisture, urease activity is expected to 
be zero in air dry soils (Bacon et al., 1986). However, urease does appear to become active in 
air dry soils at high atmospheric humidity (Black et al., 1987b; Reynolds and Wolf, 1987a; 
Beyrouty et al., 1988b). Any further increase in soil moisture content can increase urease 
,activity rapidly until a critical minimum moisture level is reached whereupon the activity 
remains constant (Malhi and Nyborg, 1979; Bremner and Mulvaney, 1978; Wickramasinghe 
et al., 1981). Conversely, a decrease in soil moisture content brought about by soil drying can 
inhibit urease activity (Reynolds et al., 1985; McInnes et al., 1986a; Savant et al., 1987b) 
(see section 2.4.1). 
(b) Temperature 
Numerous reports have demonstrated that urease activity increases with increased 
temperature. Maximum urease activity has been observed at temperatures ranging from 35 to 
70° C (Gould et al., 1973; Dalal, 1975; Bremner and Mulvaney, 1978; Dash et al., 1981; 
Kumar and Wagenet, 1984; Sahrawat, 1984; Perez-Mateos and Gonzalez-Carcedo, J988; 
Moyo et al., 1989). The reasons for such a wide range of maxima could be: different methods 
of assay (Bremner and Mulvaney, 1978); temperature-soil moisture interactions (Vlek and 
Carter, 1983); temperature-substrate level (urea concentration) interactions (O'Toole et al., 
1982) or the effects of different soil types (Sahrawat, 1984). Another possible reason may be 
the diverse nature of soil urease and its adaptation to certain geographical or climatological 
(high or low ambient temperature) conditions. High temperatures (60-70° C) can inactivate 
urease (pettit et al., 1976; Zantu and Bremner, 1977) and very high temperatures (> 100° C) 
can destroy urease in soils (Zantu and Bremner, 1977). Although urease activity declines 
with decreasing temperature (Guthrie and Bomke, 1981), the enzyme is still active at 
sub-zero temperatures (Bremner and Zantu, 1975). 
(c) pH 
Contradictory reports appear in the literature on the effect of pH on soil urease activity. The 
main reason being the use of different assay methods (Bremner and Mulvaney, 1978; 
Mulvaney and Bremner, 1981). Some assays involving buffers give the optimum pH range as 
6.5-7.0 (Pettit et al., 1976) while other buffered assays give pH 8.8-9.0 (Tabatabai and 
Bremner, 1972; Perez-Mateos and Gonzalez-Carcedo, 1988). Apparently, an increase in 
micro site pH retards urease activity immediately around the urea granules (Hauck, 1984). 
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(d) Substrate levels 
The rate of urea hydrolysis increases with increasing urea concentrations until it eventually 
stabilises with further additions of substrate, producing no further increase in hydrolysis rate 
(Overrein and Moe, 1967; Tabatabai and Bremner, 1972; Kumar and Wagenet, 1984; 
Kandeler and Gerber, 1988). This phenomenon is characteristic of enzyme catalysed 
reductions and is referred to as Michaelis-Menten kinetics (Section 2.2). The maximum 
concentration of urea required to achieve the highest hydrolysis rate varies from soil to soil 
(Tabatabai and Bremner, 1972; Tabatabai, 1973; Dalal, 1975). In addition, Kandeler and 
Gerber (1988) have suggested that high substrate concentrations may release urease from 
protected sites (clay or humus complex) and this may contribute to urease activity. Thus, the 
assay methods that employ low urea concentrations may underestimate the urease activity 
appropriate to field conditions following a urea fertiliser application. At very high urea 
concentrations the hydrolysis rate decreases, probably due to substrate inhibition of the 
_ enzyme (Rachhpal-Singh and Nye, 1984a). Addition of urea to soil does not appear to 
increase "the number of ureolytic microorganisms or urease activity unlike the addition of 
available C (e.g. glucose) which does increase the ureolytic microbial activity (Lloyd and 
Sheaffe, 1973; Zantu and Bremner, 1976). This is because the presence of the high energy 
source induces a proliferation of microorganisms which themselves cause an increase in 
urease levels in the soil (penn and Rossner, 1985). 
(e) Soil properties 
Soil organic-C content is the major soil property that controls urease levels in soil. Since the 
surface soil layers are highly enriched with organic matter, urease activity is highest-in these 
layers and decreases sharply with increasing soil depth (McGarity and Myers, 1967; 
Simpson, 1968; Gould et al., 1973; Dalal, 1975; Zantu et al., 1977; Dash et al., 1981). This 
effect is more pronounced in an undisturbed soil profile than in a cultivated soil (Reynolds 
et al., 1985). Urease activity in soils can also vary according to the type and age of the 
organic matter (Kandeler and Gerber, 1988). The failure of some workers to detect any 
significant relationship between organic matter and urease activity was probably due to the 
use of soils with a narrow range of organic-C content (Pancholy and Rice, 1973) or to other 
inhibitory substances such as polyphenols associated with the organic matter content 
(Wickramasinghe et al., 1981; Sivapalan et ai., 1983). 
Those soil factors which themselves are positively correlated with organic-C are also 
correlated with urease activity. These include: CEC, high nutrient availability and 
hydrolysable-N, total-N and clay contents (Dalal, 1975; Zantu et al., 1977; Verstraeten, 1978; 
Dash et aI., 1981; 0' Toole et al., 1982; Frarikenberger and Dick, 1983). Some soil properties 
which are negatively correlated with organic-C are also negatively correlated with urease 
activity. These include soil pH and sand content (Dash et ai., 1981; Frankenberger and Dick, 
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1983; Rao and Ohai, 1985; Singh and Bajwa, 1986; Kumar et al., 1988). In general, urease 
levels are very low in alkaline and saline soils (Rao and Ohai, 1985; Singh and Bajwa, 1986). 
Several workers have also reported that the [organic-C x pH] and [total-N x pH] interactions 
affect urease activity (Zantu et al., 1977; Verstraeten, 1978; O'Toole et al., 1982). This 
implies that the relationships between organic matter and urease activity are modified by soil 
pH, and that urease activity will be very slow in acid soils with low organic matter content. 
(I) Stability 
The stability of urease appears to be influenced by its origin even though the origin of the 
urease in soils is still ambiguous. Most workers maintain that urease is of microbial origin 
and it is released as a microbial extracellular enzyme from living or dead microbial cells 
(Bremner and Mulvaney, 1978). Microbial activity and hence urease activity is increased by 
cropping and as mentioned earlier, by the addition of decomposing plant residues or sources 
of available C (Lloyd and Sheaffe, 1973; Kumar and Wagenet, 1984). 
Urease is adsorbed by all clay minerals (Boyd and Mortland, 1985), and more efficiently by 
montmorillonites than kaolinites (Pinck and Allison, 1961). The kinetics of urea hydrolysis 
by free and clay-bound urease is similar (Boyd and Mortland, 1985). It is widely believed 
that urease is protected by humus and clay colloids in the form of a complex which cannot be 
easily decomposed or inactivated in the soil. Such protected urease is very stable under most 
conditions (e.g. air-dried soils) and the capacity of soil to hold it varies widely (Zantu and 
Bremner, 1977; Mulvaney and Bremner, 1981). A temporary increase in the amount of 
complex is possible under conditions of high microbial activity resulting from the 
introduction of decomposing organic materials (Moe, 1967). However, any excess enzyme 
formed in this way will not be protected and may be easily deactivated (Zantu and Bremner, 
1977). 
Urease activity in fresh soils is not as stable as that in air-dried soils (Speir et al., 1980). Once 
the soil is air dry, urease activity appears to be more stable (Dalal, 1975; Zantu and Bremner, 
1975b; Zantu and Bremner, 1977; Oalstyan, 1982). This may be due to the fact that the major 
proportion of urease held in air dried soil is protected as extracellular-clay-humus complex 
(Pettit et al., 1976). Every soil has a stable level of urease activity determined by the ability 
of its constituents to provide this protection (Zantu and Bremner, 1976; Oalstyan, 1982). 
(g) Other factors 
It has been well established that the presence of plants and plant residues can increase the 
urease levels in the underlying soil (Section 2.4.5). However, it is not yet clear whether the 
increase is caused by high soil microbial activity or to urease produced by the plants. The 
claim that a certain proportion of the soil urease is of phyllosphere origin (Frankenberger and 
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Tabatabai, 1982) has not been proven. It has also been found that the type of vegetation 
(Pancholy and Rice, 1973; Khaziyev and Khabirov, 1983; Palma and Conti, 1990), land use 
(Simpson, 1968; Gould et al., 1973; Dkhar and Mishra, 1983; Reynolds et al., 1985; Cochran 
et al., 1989) and landscape (Tiwari et al., 1989) can significantly affect the soil urease levels. 
Although it is generally accepted that cultivation can reduce the urease activity (Simpson, 
1968; Reynolds et al., 1985; Cochran et al., 1989), soil compaction appears to have the 
reverse effect. Increased physical contact between the applied urea and soil urease occurs in 
compacted soils leading to increased hydrolysis rates (Savant et al., 1987a). Freezing or 
storing soils at cooler temperatures appears to have little effect on urease activity (pancholy 
and Rice, 1972; Zantu and Bremner, 1975b; Kandeler and Gerber, 1988). Oxygen deficiency 
in soil can reduce urease activity (Lindau et al., 1989), however, the rewetting or leaching of 
soil results only in a temporary disappearance of 02 which has little effect on urease activity 
(Wage net et al., 1977). 
Notwithstanding the central role of urease, several workers have shown that cumulative NH3 
losses are frequently unrelated to variations in urease activity (Reynolds and Wolf, 1987b; 
Martens and Bremner, 1989; Stevens et al., 1989). The work by Stevens et al. (1989), for 
example, has demonstrated that despite the increasing presence of soil urease and the 
subsequent shorter time period required to achieve the peak NH310ss, cumulative losses were 
not related to urease activity. This is because, as was indicated earlier, urease activity is 
closely related to soil properties such as CEC, clay and organic matter contents which in turn 
are related to the H+ buffer capacity of soils (see next sections). Therefore, attempting to 
predict NH3 loss from urease activity alone without considering other soil properties is 
particularly inappropriate (Reynolds and Wolf, 1987b). 
2.5.2 pH 
2.5.2.1 Initial or native soil pH: 
Several workers have reported that large NH310sses occur from urea applied to soils with 
high initial soil pH (Martin and Chapman, 1951; Volk, 1959; Wahhab et aI., 1960; Kresge 
and Satchell, 1960; Chao and Kroontje, 1964; Khan and Haque, 1965; Watkins et al., 1972; 
Magalhaes et al., 1987; Beyrouty et al., 1988b). Such reports arise largely as a consequence 
of the inclusion of alkaline soils in the studies which contribute greatly to the positive 
significant correlation between initial soil pH and NH3 loss. Generally, acid soils sustain less 
NH3losses than do alkaline soils. However, NH310ss is not always related to the initial soil 
pH and extensive losses have been reported from urea applied to acid soils (Cr'aig and 
Wollum, 1982; Fenn and Richards, 1986; Ellington, 1986). 
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- Although highly alkaline soils (pH 9-10) generally have very low urease activities (Rao and 
Ghai, 1985; Kumar et al., 1988), substantial losses of NH3 do occur from them following the 
application of urea (Connel et al., 1979; Lyster et al., 1980; Rao and Batra, 1983). This is 
because alkaline soils have a high initial pH which facilitates volatilisation. Practices which 
increase the native pH of acid or neutral soils such as liming (Ernst and Massey, 1960; 
Nommik, 1966; Terman, 1978) or the application of plant ash (Raison and McGarity, 1978) 
can also enhance the NH310ssfrom surface-applied urea. However, at low soil temperatures 
« 5 0 C), alkaline soils tend not to volatilise much NH3 from broadcast urea (Rodgers and 
Pruden, 1984). This is probably because of the interaction between effects such as the low 
urease levels in alkaline soils and the reduced hydrolysis rate due to the low temperature. 
Thus, it is apparent that while initial pH may be the predominant factor influencing NH3 
volatilisation potential in alkaline soils, it appears to have little direct effect on acid or neutral 
soils. 
2.5.2.2 Soil microsite pH following urea application 
The increase in the pH of the microsite surrounding a surface-applied urea granule appears to 
be very closely related to the increase in ammoniacal-N concentration in the microsite 
(Overrein and Moe, 1967; Hauck, 1984; Ferguson and Kissel, 1986) and to the subsequent 
NH310ss (Martin and Chapman, 1951; Khan and Haque, 1965; Lyster et al., 1980; -Fenn 
et al., 1981a; Black et al., 1985b, 1987a and b; Sherlock et al., 1986; Clay et al., 1990). 
Irrespective of the initial soil pH, NH3 is lost from urea applied to most soils because upon 
hydrolysis, the reaction site (or microsite) is made alkaline by the presence of both NH3(aq) 
and HC03- (Vlek and Stumpe, 1978). The proportion of ammoniacal-N (NH/(aq) + NH3(aq)) 
present as NH3(aq) increases with increasing pH (Section 2.2). Thus the microsite pH 
developed during the volatilisation process is considered to be one of the major forces driving 
the loss of NH3 (Nelson, 1982; Hauck, 1984) and also appears to be a better predictor of 
volatilisation potential than does the initial soil pH (O'Toole et al., 1985a). 
Since the volatilisation process is a surface phenomenon, soil samples taken for pH 
measurements must be characteristic of the soil surface. Sherlock et al. (1986) demonstrated 
that pH data obtained using a micro-corer from urea micro sites (0-1 rom depth) were highly 
related to the NH3 loss from surface-applied urea and could be used in a simplified computer 
model to calculate NH3 fluxes. Below neutral pH, NH3 fluxes are negligible. Any NH3 loss 
reported from soil whose pH is below this value is an indicator that the surface soil pH has 
not been measured correctly. For example, extensive NH310ss was recorded froni: a 
urea-urine mixture (600 kg N ha-1) applied to an acid soil (pH 5.5) whose reported surface pH 
was 6.6 (Ball et al., 1979). This pH value was obtained from the 0-2.5 em layer of soil which 
would have effectively masked the pH value of the volatilising surface. 
Several workers have used acids or acidic materials applied along with urea to reduce the 
alkalinity build up around the granules (see Section 2.2.2). While some workers have 
succeeded by this means in reducing the NH310ss (Bremner and Douglas, 1971b; 
Christianson, 1989; AL-Kanani et aI., 1990), others have found no effect for certain soils 
especially those with high clay content (AL-Kanani et al., 1990) or high CaC03 content 
(Stumpe et al., 1984; Fenn and Richards, 1986). 
2.5.3 H+ ion buffer capacity 
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Buffer capacity is the ability of a soil to supply H+ or OH- to oppose the effects of added (or 
induced) alkalinity or acidity. Both OH- and H+ supplying capacity are loosely referred to as 
'buffer capacity' (or buffering capacity) and this causes confusion where NH/bearing or 
fonning fertilisers are discussed together (e.g. Freney et al., 1981 and 1983; Haynes and 
Sherlock, 1986). The response of the soil buffering system against added or induced 
alkalinity or acidity depends on the type of fertiliser applied. In the case of acidic or neutral 
ammoniacal fertilisers, the principle reaction in the soil is NH/(aq) ~ NH3(g) + H+, where H+ 
ions are released during the volatilisation process. Here the initial soil pH and the OH- buffer 
capacity of the soil effectively control the potential loss. Avinmelech and Laber (1977) 
demonstrated that soils with a high OH- buffer capacity can sustain high NH3 losses from 
acidic or neutral ammoniacal fertilisers. In contrast, a measure of H+ ion buffer capacity is 
more suited as an indicator of the potential NH3 losses from urea since urea hydrolysis 
increases the micro site alkalinity. Clearly, the ability of a soil to rapidly supply sufficient 
protons to neutralise this alkalinity during the urea hydrolysis process (i.e. NH3(aq) + H+ ~ 
NH/(aq») is one of the most important factors acting to reduce the volatilisation potential 
(Ferguson et al., 1984; Rachhpal-Singh and Nye, 1986c). However, in alkaline soils 'a 
measure of OH- buffer capacity may also be necessary because a higher OH- buffer capacity 
may resist the decrease in pH during volatilisation (according to the reaction NH/(aq) ~ 
NH3(g) + H+) (Rachhpal-Singh and Nye, 1986c). Under such conditions NH310ss will 
continue over a long duration. 
The study of the effect of H+ buffer capacity on NH3 loss from urea applied to soil has only 
been initiated in recent years (Ferguson et al., 1984). Since then, only a few investigations 
have been conducted on this subject (e.g. Rachhpal-Singh and Nye, 1986c; Reynolds and 
Wolf, 1987b; Martens and Bremner, 1989; Stevens et al., 1989). Thus the field has enormous 
potential for future work. Most of these studies agree that a high H+ supplying capacity of a 
soil can effectively reduce the volatilisation loss (e.g. Ferguson et al., 1984; Rachhpal-Singh 
and Nye, 1986c; Reynolds and Wolf, 1987b; Stevens et al., 1989). 
The H+ supplying capacity of a soil is measured by plotting titration curves for the response 
of soil H+ against the addition of increasing amounts of NaOH (Ferguson et al., 1984) or 
NH40H (Izaurralde et al., 1987). The pH values (dependent variable) obtained at different 
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OH- amendments are plotted against the concentration of added, OH- mmols kg-1 soil 
(independent variable). The amount of OH- ions needed to increase the soil pH from the 
initial value to a 'critical' pH value is the H+ ion buffer capacity of that particular soil. It is 
known that NH3 volatilisation is negligible below pH 7 (Court et al., 1964a) and generally, 
soils are well buffered above pH 7 and below pH 4 (Magdoff and Bartlett, 1985). Ferguson 
et al. (1984) considered 7.5 as an appropriate 'critical' pH level since NH310ss is generally 
not economically serious unless the soil pH rises above this value. Izaurralde et al. (1987) 
and Stevens et al. (1989), however, considered pH 9 and 8 respectively as 'critical' pH 
values. Thus buffer capacity results related to volatilisation studies must be interpreted with 
caution because the higher the setting of the 'critical' pH value, the higher will be the 
estimated buffer capacity of the soil. 
It is important to note that all of the above studies estimated H+ buffer capacity after an 
equilibration period of 2 hours, according to a general method by Ferguson et al. (1984). 
Under field conditions the highest NH3 flux from broadcast urea is often detected within 2 to 
5 days d{~pending on the soil urease activity and temperature (Black et al., 1985a and 1989). 
Soil buffering measured using a long duration equilibration may therefore give a better index 
of the actual buffering process in the field. 
Research has not yet clearly identified the factors responsible for soil H+ buffer capacity or 
soil acidity. However, high CEC, organic matter and clay content, the presence of certain 
clay minerals and extractable A13+ or Fe3+ and low initial soil pH are believed to contribute to 
the H+ supplying capacity of a soil (Thomas and Hargrove, 1984; Reynolds and Wolf, 
1987b). Generally, sandy soils are least resistant to added or induced alkalinity or acidity 
(Zusevics, 1980). However, sandy soils with low organic matter content can show 
considerable H+ buffer capacity if they contain A13+ (Thomas and Hargrove, 1984). Thus, 
sesquioxides are also considered as strong H+ buffers in soil (Thomas and Hargrove, 1984; 
Curtin et al., 1987), although it is difficult independently to quantify their contribution 
because extractable Al and Fe are also complexed with soil organic matter and clay (Thomas 
and Hargrove, 1984). 
Of the factors stated, probably the most important is the organic matter content of the soil. It 
has been noted that for soils which contain organic matter residues the OH- titration curves 
(Le. H+ buffer curves) are essentially organic matter titration curves (Magdoff and Bartlett, 
1985; O'Toole et al., 1985a). Other factors such as fertiliser addition and the subsequent 
acidification of soil (Zusevics, 1980) and acid rain (Rowell and Wild, 1985) may also 
contribute to the H+ supplying capacity of soils. 
The H+ buffer capacity is also referred to as'soil acidity' which is comprised of exchangeable 
and non-exchangeable titratable acidity (Ferguson et al., 1984). In the NH3 volatilisation 
studies 'titratable acidity' is sometimes taken to mean H+ ion buffer capacity. The 'titratable 
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acidity' of a soil is a good measure of buffer capacity since it appears to be stoichiometrically 
related on a 1:1 basis to the amount of NH3 retained in the soil (Izaurralde et al., 1987). Some 
workers consider titratable acidity to be the difference between buffered CEC (measured at 
pH> 8) and effective CEC (measured at native pH) (Curtin et al., 1987). 
2.5.4 Cation exchange capacity (CEC) 
Many workers have reported that increases in CEC appear to reduce the volatilisation losses 
of NH3 from surface-applied urea (Martin and Chapman, 1951; Acquaye and Cunningham, 
1965; Fenn et al., 1982a; Reynolds and Wolf, 1987b; O'Toole and Morgan, 1988; Martens 
and Bremner, 1989). Some confusion remains, however, because CEC can be determined in 
various ways including the effective CEC (measured at initial pH) and buffered CEC 
(PH> 8). If the soil has a high pH-dependent CEC, it is considered well buffered against 
alkalinity build-up during urea hydrolysis (O'Toole et al., 1985a). 
O'Toole and Morgan (1988) have demonstrated that Irish soils with buffered CEC values 
> 250-260 meq kg-1 are unlikely to volatilise NH3 irrespective of the season of application. 
This finding is not surprising since soils with high buffered CECs also have high H+ buffer 
capacities (Zusevics, 1980; Reynolds and Wolf, 1987b) or titratable acidities (Curtin et al., 
1987). Generally, soils with plant cover have greater buffered CECs than cultivated soils. 
This may be attributed to the higher organic matter levels typically present in these soils 
(Curtin and Smillie, 1976; Thomas and Hargrove, 1984). 
Thus a reduction in volatilisation potential is brought about by increases in both effective 
CEC and H+ buffer capacity, but predominantly by the latter. The reason is that at high pH 
especially many of the exchange sites do not participate in a soil's capacity to adsorb NH3 
(Izaurralde et al., 1987). For such adsorption, transformation of NH3(aq) into NH/(aq) is the 
prerequisite which in turn decreases the microsite alkalinity (Rachhpal-Singh and Nye, 
1986c). However, at the point of placement of a urea granule, the ammoniacal-N 
concentration can exceed the effective CEC by many times and NH3 volatilisation loss 
becomes inevitable unless the soil has a high H+ buffer capacity (Hauck, 1984). 
Consequently, effective CEC (measured at initial pH) is largely unrelated to the volatilisation 
potential of soil fertilised with urea (O'Toole et al., 1985a; O'Toole and Morgan, 1988). 
Neutral and weakly acidic ammoniacal fertilisers, however, release NH/which is readily 
adsorbed by the cation exchange sites (Gillman and Bristow, 1990). Thus NH3loss from 
neutral and weakly acidic ammoniacal fertilisers is reduced by increasing effective CEC 
(Fenn and Kissel, 1976). 
Recently, the use of natural zeolite has been 'suggested as a means of increasing the soil 
retention of NH/ (MacKown and Tucker, 1985) and thereby reducing the potential for NH3 
loss from surface-applied urea (Douglas and Cochrane, 1989). Aluminosilicate minerals like 
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zeolite have over 100 times the CEC of natural soils; The effect of these cation exchangers on 
the NH3 volatilisation potential of surface-applied urea has yet to be investigated. However, 
the mechanisms of NH3 retention in soils suggest that while these substances can potentially 
reduce NH3 loss from surface-applied neutral and weakly acidic ammoniacal fertilisers, NH3 
loss from urea and other basic ammoniacal fertilisers may not be entirely arrested. Although 
increasing the cation exchange sites in a soil can enhance the 'physical' sorption of NH3, the 
volatilisation of NH3 is inevitable during the soil-drying process (see Section 2.4.1.3). 
Zeolites may be successful in reducing the volatilisation potential of surface-applied urea 
only when the soil also contains a high content of H+ supplying substances. One such 
substance is soil organic matter and its effect on volatilisation potential is discussed next. 
2.5.5 Organic matter 
In the literature the effects of organic matter on NH3 loss from applied urea appear highly 
contradictory. Increasing soil organic matter content appears to either increase (Moe, 1967) 
or decrease (O'Toole et aI., 1985a; Reynolds and Wolf, 1987b) the NH3 volatilisation 
potential. These contrasting effects may be due to the enhancing influence of soil organic 
matter content on urease activity, buffered CEC and H+ buffer capacity. Enhanced urease 
activity is expected to enhance NH3loss (Section 2.5.1) while enhanced buffered CEC and 
H+ buffer capacity are expected to reduce NH3 loss (Sections 2.5.3 and 2.5.4). Organic matter 
is also capable of fixing (young, 1964; Tomar and Soper, 1981) or retaining (Mortland, 
1958) considerable amounts of NH4 + or NH3. As stated previously increasing organic matter 
content can also reduce NH3 loss potential due to the presence of urease inhibitors such as 
polyphenols (Sivapalan et aI., 1983). 
In contrast, the addition of fresh organic residues can promote high NH3 loss from soil-
applied urea (Volk, 1959 and 1970; Watkins et al., 1972; Penn and Hossner, 1985). The 
explanation here is that the poor availability of pH dependent charges and cation exchange 
sites in fresh organic residues are unable to compensate for the effects of the increased urease 
activity of the organic matter. The volatilisation potential of the system is therefore increased 
(Nelson, 1982). However, if the soil already has an inherently high H+ buffer capacity (or 
buffered CEC) such an increase in soil urease activity will have virtually no effect on the 
volatilisation potential (Reynolds and Wolf, 1987b; O'Toole and Morgan, 1988). 
2.5.6 Texture 
Generally, coarse textured soils volatilise more NH3 from surface-applied urea than fine 
textured soils (Gandhi and Paliwal, 1976; Makarov and Gerashchenko, 1984). Incubation 
studies have shown that high sand content increases the volatilisation potential (O'Toole 
et al., 1985a; O'Toole and Morgan, 1988; Martens and Bremner, 1989) whilst high clay 
content appears to have the reverse effect (Buresh, 1987; Reynolds and Wolf, 1987b). The 
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clay components in a soil are largely responsible for its surface chemistry and CEC. Clay 
content is therefore usually highly correlated with the other factors known to retard or reduce 
a soil's volatilisation potential, including: high titratable acidity or H+ buffer capacity (Curtin 
et al., 1987; Reynolds and Wolf, 1987b), microbial activity (Singh and Yadav, 1981), organic 
matter content (Curtin et al., 1987), NH3 retention (Mortland, 1958) and NH/ fixing 
capacity (Nommik and Vahtras, 1982). 
Sandy soils tend to have relatively low urease levels (Zantu et aI., 1977; Frankenberger and 
Dick, 1983), poor NH3 retention capacities (Malo and Purvis, 1964) and low H+ buffer 
capacities (Zusevics, 1980). Consequently, sandy soils tend to suffer extensive volatilisation 
losses following the application of urea (Fenn and Miyamoto, 1981; Fenn and Hossner, 
1985). Generally, H+ buffer capacity is in the order: silt loam> sand loam> sand (Zusevics, 
1980) and the magnitude of the NH310ss from surface-applied urea can be expected to be in 
that same order. 
However, some reports have shown that clay soils also can sustain high NH310sses from 
applied urea (Wahhab et al., 1960; Magalhaes et al., 1987; Du Preez and Burger, 1988). 
Some of the possible reasons for this behaviour include: the alkaline nature of some clay soils 
(Magalhaes et al., 1987), the relatively slow drying rate of heavier textured soils (Wahhab 
et al., 1960), the low infiltration or leaching rate of urea and urea hydrolysis products in fme-
textured soils (Bouwmeester et al., 1985), and the high urease activity of most clay soils 
(Zantu et al., 1977; Dash et al., 1981). Further, due to the high buffer capacity and sorption 
ability of clay, the effects of adding acid materials (AL-Kanani et ai., 1990) or urease 
inhibitors (Bremner and Douglas, 1971a) along with urea to try reduce the volatilisation· 
potential is less pronounced in heavier textured soils. 
2.5.7 Post hydrolysis transformations of the applied urea-N 
The NH/ produced from urea undergoes further transformations which remove it from the 
soil solution and can in principle, help to reduce volatilisation losses. These transformations 
include: nitrification, denitrification, immobilisation and remineralisation. Reports on these 
transformations of urea derived NH/ are numerous and Hauck (1984) and Gould et al. 
(1986) have each briefly reviewed this topic. The present discussion attempts to provide 
some important insights. 
2.5.7.1 Autotrophic nitrification 
Autotrophic nitrification is the biologically mediated oxidation of NH/ to NO~-. Since other 
nitrification processes including heterotrophiC nitrification have been considered as minor 
pathways (Haynes, 1986b), only autotrophic nitrification has been dealt with. As well as 
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removing NH/ from the microsite, autotrophic nitrification is an acidifying process and can 
lead to a depression in the microsite pH in accordance with the following equations: 
[2.27] 
[2.28] 
Generally, the reaction in Eq. [2.28] is much faster than that in Eq~ [2.27] and consequently 
very little if any N02--N is detected in soils under aerated conditions (Chalk and Smith, 
1983) (also see next section). Thus, the present section considers the presence of N03 - as an 
index for the occurrence soil nitrification under most conditions. 
Apparently, there is a lag phase associated with the nitrification of NH4 + produced from urea. 
Several reports suggest that the onset of nitrification is only apparent 7-14 days following 
urea application (Black et al., 1985a) or virtually non-existent for the initial 2 weeks (Raison 
and McGarity, 1978; O'Toole et al., 1985a; San, 1986; Reynolds and Wolf, 1987b). In these 
studies> 90% of the cumulative NH3 loss was sustained during the first week so nitrification 
likely had very little, if any, influence on the magnitude of the NH3 loss from the applied 
urea. However, the rate of nitrification of NH4 + produced from urea mainly depends on the 
initial soil nitrifier activity (Singh and Beauchamp, 1986). Any factor that can induce such 
activity should, in principle, suppress the volatilisation potential. An important study by 
Fleisher and Hagin (1981) demonstrated that stimulating nitrification by adding (NH~2S04 
before the urea application, can reduce the subsequent NH3 volatilisation loss from urea 
substantially. Conversely, the use of nitrification inhibitors on some soils appears to augment 
the NH3 loss from surface-applied urea. The larger the capacity of the inhibitor to retard the 
nitrification in these soils, the higher the NH3 loss sustained from urea (Mulvaney and 
Bremner, 1981). Unlike the rapid urea hydrolysis process, the generally much slower 
nitrification process tends only to influence the long-tenn cumulative NH310sses. This is due 
in part to the effect of nitrification on the soil pH mentioned earlier. Generally, several days 
to weeks after urea fertilisation, the soil pH will approach slightly lower levels to that of the 
initial native pH (Christianson et al., 1979; Singh and Yadav, 1981; Magalhaes et al., 1987). 
Sometimes pH will drop by > 1 unit (Court et al., 1964b) due to the acidification process of 
nitrification (Eq. [2.27]) and this may help to reduce the long-tenn volatilisation potential of 
the soil. 
2.5.7.2 Denitrification 
(a) Chemical denitrification 
The high ammoniacal-N concentration and elevated pH in the microsite following urea 
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application appears to have little effect on the oxidation of NH/ to nitrite (N02-). However, 
it can inhibit the subsequent oxidation of NO£ to N03- (Soulides and Clark, 1958; Bezdicek 
et al., 1971; Gould et al., 1986) resulting in the accumulation ofN02-. This effect is more 
pronounced when urea is applied in bands (Chalk and Smith, 1983). The inhibition ofN02-
oxidation is also high in soils with high pH (Soulides and Clark, 1958; Singh and 
Beauchamp, 1986) and thus directly related to the initial soil pH (Magalhaes et al., 1987). 
When N02- accumulates in soil it may be subject to loss as various nitrogenous gases by 
processes collectively referred to as 'chemodenitrification' (Chalk and Smith, 1983). 
Chemodenitrification has been reviewed by Nelson (1982), Chalk and Smith (1983) and 
Haynes and Sherlock (1986). Gaseous losses attributed to chemodenitrification can be as 
high as 15-20% of soil-applied urea-N although losses of this magnitude are the exception 
(Christianson et al., 1979; Magalhaes et al., 1987). Increasing the rate of application (Gould 
et al., 1986) the urea granule size (Hauck, 1984) or using band application can also lead to 
high NO£ accumulation and subsequent loss of N2 and N20 (Christianson et al., 1979). 
Generally, the chemodenitrification potential of soils receiving urea is very low (Pang et al., 
1973; Lyster et al., 1980; Stillwell and Woodmansee, 1981; O'Toole et al., 1985a; 
Magalhaes et al., 1987; Singh and Beauchamp, 1988 and 1989). However, this potential is 
greater in acid soils than in alkaline or neutral soils because the N02- formed from urea 
diffuses from the alkaline microsite into the surrounding acid soil to produce nitrous acid, 
HN02 (Nelson, 1982). Under acidic conditions, HN02 undergoes chemical decomposition to 
form NO and/or N02 gases (Sabbe and Reed, 1964; Van Cleemput and Baert, 1984). 
The above discussion suggests that (i) the onset of N02- accumulation commences after the 
peak of the volatilisation event, (ii) the subsequent decomposition requires acidic conditions, 
and (iii) the ability to accumulate N02- does not tend to occur for the majority of soils. 
Therefore, the effect of chemodenitrification on NH3 loss potential from broadcast urea is 
probably very minimal. 
(b) Biological denitrification 
Biological denitrification is the dissimilatory reduction of N03 - and/or N02- to gaseous N 
oxides and N2 gas. This process occurs only at low 02 concentrations (Fillery, 1983). Since 
denitrifiers utilise N03- or N02- as a source of oxygen under oxygen deficient environments 
(Vlek et al., 1981), excess soil moisture can cause substantial denitrification losses. 
Extensive denitrification losses have been recorded when soils broadcast with ur6a were 
subjected to repeated wetting and drying cycles (Prasad and Rajale, 1972). Consequently, 
although the loss of NH3 from urea can be reduced by applying the fertiliser with irrigation 
water, this practice can also lead to high denitrification losses in the form of N20 (Freney 
et al., 1985b; Smith et al., 1988). 
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Field studies of denitrification losses from urea fertiliser are comparatively few. Mter 
conducting several field experiments Jordan (1989) concluded that significant denitrification 
loss can occur only when the following three conditions are met: (a) the soil N03-1evel is 
> 2 mg N kg-I, (b) the air filled porosity should be < 30% v/v and (c) soil surface temperature 
should be > 4 0 C. Nitrification of the NH/ is also an essential precursor to the formation of 
elevated N03 -levels. Thus the effect of biological denitrification on the volatilisation 
potential of soil fertilised with urea under aerated conditions should again be minimal. This is 
because in most practical field situations the onset of nitrification is apparent only after a 
high proportion of the total NH3loss has already occurred (see Section 2.5.7.1). 
2.S.7.3 Immobilisation 
Immobilisation of applied-N can occur through chemical or biological fixation of NH.t. The 
biological immobilisation rate depends mainly on the presence of a readily metabolisable 
organic-'C source (Okereke and Meints, 1985) and factors such as microbial activity, 
moisture, temperature, aeration and substrate (NH/) availability (Allison, 1966). 
Consequently, a wide range of immobilisation rates from soils fertilised with urea have been 
reported. For example, the amount of immobilisation of applied urea-N detected by various 
workers has been: 13% (Keeney and MacGregor, 1978), 50% (Mohammed et al., 1984), 10% 
(Nannipieri et al., 1985) and 11 % (Craswell, 1976), 1,3,8 and 14 week(s) following urea 
application respectively. It appears that the majority of the biological immobilisation occurs 
within 2-4 weeks after the urea application and further immobilisation seems to be either very 
slow or nil (Keeney and MacGregor, 1978; Tomar and Soper, 1981). 
The only short-term immobilisation studies performed on urea in the field were by Keeney 
and MacGregor (1978) (see above) and Nannipieri et al. (1990). Nannipieri et al. (1990) were 
able to show a marked increase in microbial biomass following urea application; microbial 
biomass rose from 15% five days following fertiliser application to more than 40% after 
9 days. There are indications also that organic soils tend to immobilise more urea-N than 
mineral soils. For example, 12 hours following urea application to organic and mineral soils 
9% and 2% respectively was imtnobilised (Okereke and Meints, 1985). The comparable 
values obtained 96 hours after application had risen to 26% and 6% respectively. However, 
the chemical fixation of ammoniacal-N to organic matter can also be expected to increase 
under these conditions. This may be especially significant in soils with a high clay-humus 
content. Elevated pH and high concentrations of ammoniacal-N present around the urea 
granules are likely to make urea more prone to such a chemical reaction (Gould et al., 1986) 
although whether this results in a significant reduction in volatilisation potential is not 
established. 
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Preference for NH/ over N03 - by the soil microbial population has often been reported 
(Broadbent and Tyler, 1962; Simpson and Freney, 1967; Hauck, 1984; Recous et al., 1988). 
Thus, often the low nitrifying potential of a soil can lead to high immobilisation (Nannipieri 
et al., 1990). Consequently, rapid nitrification of urea-born NH/ appears to reduce the 
immobilisation rate due to the disappearance of the NH/ -N fonn (Wickramasinghe et al., 
1985; Christianson et al., 1988). Under these conditions, immobilisation appears to cease at 
the disappearance of urea-born NH/ and continues only when native NH/ is released from 
soil organic-N, ignoring the N03--N throughout the process (Wickramasinghe et al., 1985). It 
has also been shown that when KN03 is added to the soil, the microbial turn-over appears to 
be low in contrast to the high immobilisation rate observed after urea and (NH4hS04 
application (Keeney and MacGregor, 1978). Generally, the rates of immobilisation ofNH/ 
released from urea and other ammoniacal fertilisers are, however, similar (Wickramasinghe 
et al., 1985; Recous et al., 1988). 
The chemical fixation of NH4 + by clay minerals is another applied-N 'fixation' process that 
could, iIi principle, result in a reduction in volatilisation potential. It depends mainly on the 
soil moisture content, drying and wetting processes, concentration of ammoniacal-N and the 
type of clay mineral (Nommik and Vahtras, 1982). An equilibrium exists between soluble, 
exchangeable and clay-fixed NH4 +in soil (Kowalenko and Cameron, 1976). This chemical 
NH/ fixation appears to be a short-tenn process, implying that ftxation does not continue 
indefinitely (Nannipieri et al., 1990). However, since only very few urea related studies have 
been reported in the literature, it is difficult to state unamibiguously the significance of 
short-tenn biological and chemical immobilisation on the volatilisation potential of soil 
fertilised with urea. 
2.5.7.4 Remineralisation 
Remineralisation is the process of biologically immobilised fertiliser-N being released back 
into the mineral-N pool. It has been reported that fertiliser derived organic-N is more readily 
transferred into the mineral-N pool than the native counterpart (Ladd et al., 1977). 
Nevertheless, remineralisation of immobilised fertiliser-N is considered to be a very slow 
process and often not detectable for several days (Broadbent and Tyler, 1962; Simpson and 
Freney, 1967). Thus, this process is considered to be irrelevant in soil volatilisation potential 
studies. 
2.5.7.5 Mineralisation 
The 'priming effect' (the stimulation of mineralisation of native soil N by addition of 
fertiliser-N) can transfer NH4 + from soil organic-N into the urea derived NH/pool 
(Westennan and Kurtz, 1973) thereby increasing the net concentration of ammoniacal-N in 
the microsite. Keeney and MacGregor (1978) noticed an apparent dilution of the inorganic-N 
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pool during a 22 day urea-15N transformation study. These workers suspected that the 
priming effect may have been one of the reasons for the dilution. Ammonium can also be 
released when urea is applied to soils with high humus content due to the hydrolysis of 
organic-No This is caused by the alkalinity generated by urea which can lead to leaching and 
volatilisation losses of native N (Overrein, 1968). 
2.6 AGRONOMIC FACTORS INFLUENCING AMMONIA VOLATILISATION 
FROM UREA 
2.6.1 Form, rate and mode of placement of urea 
While increasing urea application rate increases the NH310ss, the proportion of the added N 
lost may either: remain constant (Martin and Chapman, 1951; Chao and Kroontje, 1964), 
decrease (Du Preez and Burger, 1988) or increase (Wahhab et al., 1960; Volk, 1959 and 
1970; Kresge and Satchell, 1960; Overrein and Moe, 1967; Connel et al., 1979; Fenn and 
Hossner, 1985; Black et al., 1985a and 1987a). Several mechanisms have been proposed to 
explain this diverse behaviour. 
2.6.1.1 Effect on urea hydrolysis rate 
Optimal urea hydrolysis rates are different for different soils and also vary depending on the 
form and rate of urea applied (Tabatabai and Bremner, 1972; Tabatabai, 1973; Dalal, 1975; 
Savant et al., 1987b). Unlike aqueous urea, granular urea cannot make intimate contact with 
the urease-soil particle complex. Thus a granular urea application gives an initial lag in the 
NH310ss rate (obeys ftrst-order kinetics) in contrast to a solution application (obeys 
zero-order kinetics) (Vlek and Carter, 1983). Increasing the rate of urea applied in solution 
form increases the hydrolysis rate which then levels off at a certain rate of application. 
However, similar increases in the rates of granular urea applied to a soil surface do not affect 
the hydrolysis rate (Savant et al., 1987b). The 'effective urea concentration' remains the 
same following granular application due to the apparent equality in urea concentrations near 
the granules. But, in whatever the form the urea is applied, at very high urea concentrations 
the hydrolysis rate decreases, probably due to substrate inhibition of urease (Volk, 1970; 
Rachhpal-Singh and Nye, 1984a). Furthermore, if the inherent urea hydrolysis rate is low or 
inhibited by soil drying, even though a high rate of urea is applied it will chemically appear 
as if a low application rate was used (Fenn and Hossner, 1985). 
2.6.1.2 Effect on NH3 loss 
At high rates of urea application, both soil pH and the NH3(aq) concentration can increase 
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rapidly (Rachhpal-Singh and Nye, 1986c) and soils may be unable to retain the NH3(aq) 
effectively (Connel et al., 1979). However, high NH3(aq) concentrations may not result in 
increased NH3loss from calcareous soils due to the buffering effect of CaC03 (Black et al., 
1985b). Also, soils with a high H+ buffer capacity will resist the increase in NH3(aq) in the 
microsite following urea application and may show little effect of increased urea application 
rate (Ferguson et al., 1984). In unbuffered soils a high rate of granular urea application 
typically results in very high localised levels of NH3(aq) (Hauck, 1984; Black et al., 1985b 
and 1987a), and hence high NH3 losses. At low rates of granular urea application uniformly 
spread, it has been found that the amount of NH3 lost is proportional to the application rate, 
but the proportion lost is constant (Black et al., 1987a). 
Despite an increase in the initial NH3 flux, increasing the particle size of the applied urea 
does not appear to influence the cumulative loss (Watkins et al., 1972; Nommik, 1973; 
Reynolds and Wolf, 1987b) unless the granules are very large (e.g. 8 mm diameter) (Black 
et al., 1987a; Watson and Kilpatrick, 1991). Granule size has no effect on NH3loss when 
urea is placed below the soil surface (Buresh et aI., 1984). 
Several reports indicate a reduction of NH3 loss following the incorporation or deep 
placement of urea into soils (Ernst and Massey, 1960; Connel et al., 1979; Rao and Batra, 
1983; Bacon et al., 1986). This topic has been reviewed by Randall (1984). Ammonia loss 
rates are inversely related to the depth of urea placement (Rao and Batra, 1983). This effect is 
more pronounced in loamy soils than sands (Wahhab et aI., 1960) and in wet soils than in 
their moist counterparts (Overrein and Moe, 1967). Urea placed under a thick layer of loamy 
sand with free CaC03 (Nommik, 1966) or sand (Overrein and Moe, 1967; Buresh, 1987) can 
suffer substantial NH3 loss whilst a thin layer of acid loamy soil can significantly reduce the 
NH3loss (Fenn and Miyamoto, 1981; Bacon et al., 1986). 
2.6.2 Presence of livestock 
The present discussion is confined to the effect of the presence of livestock on the potential 
for NH3 loss from surface-applied urea. It is known that successive applications of urea-N 
(Wagenet et al., 1977) or an initial ammoniacal-N application (Fleisher and Hagin, 1981) 
appear to enhance nitrifier numbers which is likely to reduce long-term volatilisation losses. 
It might be argued therefore, that the repeated application of urine or urea applied to old urine 
patches may result in lower NH3losses than expected. But this does not happen if the second 
and subsequent urine applications take place before substantial nitrification has occurred 
(Rajaratnam, 1966; Sherlock and Goh, 1984). Under these conditions enhanced NH3losses 
result. Similarly, when urea granules are applied to soil 1 week following a urine application, 
NH3 losses were 4 times higher than losses from soil not pre-treated with urine (Black et al., 
1984). It was estimated that during intensive grazing by sheep (e.g. 1000 ewes ha-1), about 
6% of the soil surface would receive urine each day (Black et al., 1984), although the area 
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receiving urine can be substantially higher with a higher stocking rate or longer period of 
grazing (Freney and Black, 1988). Thus, urea broadcast on to heavily grazed pasture can be 
expected to sustain substantial NH3 loss. 
The rate of NH3 production from dung deposited on soil is not as rapid as that from urine 
(Ryden et al., 1987). Due to the slow decomposition of dung, intermittent NH3 losses of 
varying amounts are apparent for considerable periods even after the animals are removed 
from the field (Lauer et ai., 1976; Jarvis et ai., 1989a). This slow decomposition is likely to 
have little effect on NH3 loss from urea applied on to dung deposits. 
2.7 METHODS FOR MEASURING AMMONIA LOSSES FROM UREA 
Several reviews have been generated on this subject (Allison, 1955 and 1966; Terman, 1979; 
Denmead, 1983; Fenn and Hossner, 1985; Freney and Black, 1988). This section outlines the 
principles involved in the various NH3 measuring techniques together with their merits and 
demerits. The NH3 volatilised from urea applied to soil can be measured directly by using 
NH3 trapping systems or indirectly using N balancing through the estimation of applied-N 
recovery. Both approaches can be used in the laboratory or field. 
2.7.1 Direct measurements 
2.7.1.1 Laboratory methods 
Laboratory methods are convenient and can be conducted under controlled conditions. 
Typically soils are obtained from the field, air dried, sieved and placed in containers or 
leaching columns for incubation at constant temperature or for greenhouse pot experiments. 
The NH3 gas volatilised is measured using either passive or active traps (often referred to as 
static and draft systems respectively). Since field chamber methods are modifications of 
laboratory systems, the problems that are common for both environments will also be dealt 
with in this section. 
(a) Passive (or static) trapping system and its effect on NH310sses 
Passive trapping of NH3 typically consists of a small container or filter paper containing a 
diluted acid (e.g. H3B03 or H2S04) suspended in a sealed vessel (e.g. desiccator) containing 
the potential source of NH3 (e.g. Mees and Tomlinson, 1964; Bremner and Douglas, 1971b; 
Lyster et al., 1980; Rappaport and Axley, 1984; Clay et al., 1990). In some cases a vial 
containing a soil sample is placed at the bottom of a sealed beaker containing an acid trap 
(Raison and McGarity, 1978). The NH3 trap is removed periodically and the trapped NH3 is 
determined. In most cases air movement is highly restricted and these methods depend 
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entirely upon the diffusion ofNH3(g)soil into the container atmosphere and from there into the 
passive trap. 
Generally, passive traps are not capable of absorbing NH3 at the rate it is being released from 
the soil to the atmosphere (Ferguson and Kissel, 1986). Consequently, volatilised NH3 can 
rapidly equilibrate within the sealed vessel at concentrations much higher than would occur 
close to the soil surface under field conditions. This results in readsorption of NH3(g)soil by 
soil. Readsorption ofNH3 can increase with increasing soil moisture, clay, CEC and organic 
matter contents (Fenn and Rossner, 1985). For these reasons closed passive trapping tends to 
underestimate the potential volatilisation loss of NH3 from urea (San, 1986). Thus, questions 
may be raised on the validity of the high negative relationships obtained between CEC and 
NR310ss from applied urea using the passive trapping methods employed by several workers 
(e.g. Lyster et al., 1980; O'Toole et al., 1985a; O'Toole and Morgan, 1988; Martens and 
Bremner, 1989). 
(b) Active trapping (or draft) system and its effect on NH310sses 
Most laboratory NH3 volatilisation studies use active NH3 trapping. Air movement is caused 
either by compression (e.g Ferguson et al., 1984) or suction (e.g. Stevens et al., 1989) at 
constant flow rates over the enclosed surface of the soil and passed through an acid trap. 
Often the pressure status of the air passed through the system (Le. positive or negative 
generated by compression or suction respectively) is not reported (Cannel et al., 1979; Fenn 
and Richards, 1986; AL-Kanani et al., 1990; Fenn et al., 1990). 
Several problems may be encountered with the use of different air flow rates because of the 
potential modification of the natural NH3 volatilisation process (Watkins et al., 1972). At low 
air exchanges NH3 loss increases with increasing air flow rate (Chao and Kroontje, 1964; 
Overrein and Moe, 1967; Watkins et al., 1972; Tennan, 1979; Rheinbaben, 1987) due to the 
reduction in apparent readsorption of NH3 by soil (Volk, 1966; Fenn and Rossner, 1985). 
Vlek and Craswell (1981) emphasised that the criterion for minimal influence of air flow 
over NH310ss is when flushing frequency (or air exchange) kf (= RIV) (R = headspace 
flushing rate, V = headspace volume) greatly exceeds the NH3 evasion constant (or transfer 
coefficient) k (Le. when kf » k). This relationship can be better understood from the 
following equation: 
[2.29] 
where F is the NH3 loss rate and NH3(g)soil is the NH3 partial pressure in equilibrium with 
soil NH3(aq)' Thus under high flushing rates F Co! k NH3(g)soil' When the flushing rates fall to 
low levels k becomes greater than kjand F is highly influenced by kf" Sherlock and Goh 
(1984) estimated that under unsaturated soil conditions at 17 air exchanges min-1 the flushing 
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frequency, k" was ·100-500 times higher than k and the volatilisation rate F was unaffected. 
While some workers have shown that the NH3 flux. reached its maximum and was thereafter 
unaffected above 2 air exchanges min-1 (Watkins et al., 1972; Reynold and Wolf, 1987b) 
others found the same trend at 15-16 air exchanges min-1 (Kissel et al., 1977; Bacon et al., 
1986). The reason for the difference is not clear although different soil types or the use of 
highly saturated soil cores may have contributed (Watkins et al., 1972; Reynolds and Wolf, 
1987b). 
Under wet conditions increasing the flow rate can also increase the rate of soil H20 
evaporation to levels substantially higher than those of NH3 volatilisation (Chao and 
Kroontje, 1964) without affecting the urea hydrolysis rate (Overrein and Moe, 1967). It is 
well known that the transfer coefficient k is highly influenced by the air movement in a 
flooded system (Fillery et al., 1984). However, it has been demonstrated recently that under 
unsaturated soil conditions the air movement has a greater influence on evaporative loss than 
on the transfer coefficient (Kirk and Nye, 1991b) (see section 2.4.3). 
Soil drying due to continuous air movement can also modify the rate and amount of NH3 loss 
in several ways. Some workers have attempted to eliminate soil drying by pre-humidifying 
the air stream by passing it through a column of water (Fenn et al., 1981a). Others have 
found such efforts ineffective (Fenn and Wu, 1987). Periodic rewetting of soils is another 
option if a constant soil moisture content is desired (Martin and Chapman, 1951). However, 
this can lead to high NH3 losses due to intermittent wetting and drying processes. The other 
option is to allow capillary water movement from a water supply placed at the base of the soil 
chamber (Reynolds and Wolf, 1987b). In this way, although the moisture is maintained at 
field capacity, the continuous upward mass flow of water due to the evaporation may restrict 
the natural downward transport of urea and the hydrolysis products. 
Finally, different NH3 trapping media have been employed to absorb the NH3 evolved from 
soils in the laboratory and field. The most widely used media are boric and sulphuric acid 
solutions. The use of H3B03 is not preferred since at low NH3 levels interference from CO2 
evolved from soils can make the NH3 measurement difficult (Sherlock and Goh, 1984). Little 
research has been done to study the efficiency of these trapping solutions. That subject will 
be further discussed in the next section. 
2.7.1.2 Field methods 
These methods are performed on disturbed or undisturbed bare soils or soils ~th plant cover 
in the field. The methods allow the study of NH3 loss from applied urea under field 
conditions. 
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(a) Enclosure or chamber methods 
Many field chamber methods for measuring NH3 loss have been adapted from their 
laboratory equivalents (Fenn and Rossner, 1985). Field enclosure methods consist of a 
number of enclosures driven into or placed on to the soil with little soil disturbance and the 
NH3 evolved is trapped by using either passive (e.g. Acquaye and Cunningham, 1965; Volk, 
1959 and 1970; Nommik, 1973; Ellington, 1986; Beyrouty et ai., 1988b) or active (e.g. 
McGarity and Rajaratnam, 1973; Kissel et ai., 1977; Craig and Wollum, 1982; Sherlock and 
Goh, 1984; Bacon et ai., 1986), trapping systems. Use of passive systems in the field can 
cause poor air circulation and Ivad to a temperature build-up when the system is not protected 
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from solar radiation (Acquaye and Cunningham, 1965; Musa, 1968). 
Active systems can allow continuous air flow to reduce temperature build-up (Sherlock and 
Goh, 1984). However, this may induce mass flow of NH3 from the soil or alter the soil drying 
rate (Black et ai., 1985a). Partial interception of solar radiation is another way of eliminating 
the greenhouse effect (Rajaratnam, 1966; Acquaye and Cunningham, 1965). At high 
atmospheric relative humidity levels, condensation inside the chambers can be a problem 
(Vallis et ai., 1982) since condensate acts as a temporary sink for the volatilised NH3 
(McGarity and Rajaratnam, 1973) which can lead to an underestimation of the initial NH3 
flux. Condensation problem can be overcome by providing heating devices on the enclosures 
(McGarity and Rajaratnam, 1973). 
Others have used semi-open systems to maintain natural conditions. Ammonia is only 
trapped during short periods when the chamber lids are closed. The rest of the time the 
chambers are left open to ambient conditions (Kissel et ai., 1977). Ammonia volatilisation 
losses are obtained by integrating a series of short-time measurements over the entire 
experimental period. The major assumptions made when using this approach is that the NH3 
flux during periods of lid closure is no different from that when the lid is open. This approach 
has been used in recent NH310ss studies (Bowman et ai., 1987; Clay et ai., 1990). Bowman 
et ai. (1987) have claimed that a laboratory test showed that about 95% of volatilised NH3 
could be recovered using such an approach. This contrast with the findings of Hargrove et ai. 
(1987) who determined that NH310sses could be significantly underestimated by this 
technique. 
Spatial variability can be a problem for enclosure methods because the soil area covered by 
the enclosure is usually small (Freney and Black, 1988). This can be overcome by replication 
(e.g. Black et ai., 1987a) or the use of large chambers (e.g. McGarity and Rajaratilam, 1973; 
Vallis et ai., 1982). However, large chamber volumes can lead to a high demand on the air 
pumping system which can restrict the number of treatments. 
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The use of enclosures appears to be appropriate for determining soil volatilisation potential 
under specific environmental conditions (Fenn and Hossner, 1985). Studies on the effects of 
wind speed, dew and rainfall on the NH3 loss are more difficult to perform (Denmead, 1983) 
although rainfall can be simulated (Black et ai., 1987b) and the effects of wind speed can be 
approximated by changing the air flow or by using wind tunnels (Ryden and Lockyer, 1985). 
The wind tunnel method is a larger version of the field enclosure method and the approach is 
based on simulated wind movement along a hooded tunnel covering the urea treated soil. 
This approach has been used successfully for measuring NH3 loss from urea applied to 
pastoral soils (Lockyer, 1984) or flooded paddy soils (Bouwmeester and Vlek, 1981). It is 
usually a simple matter to control the air flow within the wind tunnel to simulate ambient 
. wind speeds if that is what is required (Ryden and Lockyer, 1985). Wind tunnels are 
particularly useful for study of the direct effects of wind speed or rainfall on NH310ss 
(Bouwmeester et ai., 1985; Ryden and Lockyer, 1985). 
(b) Micrometeorological methods 
These methods are designed to continuously monitor NH3 fluxes from a large area without 
causing any soil or environmental disturbances. The most widely used micrometeorological 
methods are based on the gradient diffusion and mass balance approaches. The reader is 
referred to the excellent review on this topic by Denmead (1983) for a more complete 
description of the following micrometeorological procedures. 
(i) Gradient diffusion: 
This approach is based on the measurements of eddy diffusivities along a concentration 
gradient. Such diffusion is caused by the movement of parcels of air from one level to 
another and this is different from molecular diffusion which is caused by random motion of 
gas molecules (Denmead, 1983). Since the measurement of NH3 flux mainly depends on a 
concentration gradient between different heights above the source surface, the application of 
this method is not possible where the concentration of the gas remains constant with height 
Ammonia flux can be calculated by either the aerodynamic or energy balance methods. The 
basic principles in both of these methods are similar and are described in the following 
relationship: 
F =K I1c/6.z [2.30] 
where K is an eddy diffusivity or momentum balance transport coefficient, c is NH3 gas 
concentration and z is the gradient measurement height. The main difference between these 
two methods is the different approaches adopted in the deterrirination of K. The aerodynamic· 
approach utilises the NH3 levels and horizontal wind speeds obtained at a minimum of two 
heights. The derivation of the relationship between eddy diffusivity (K), horizontal wind 
speed (u) and height from the source surface (z) has been obtained elsewhere (Denmead, 
1983), however, it is described by Harper et al. (1983) as: 
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[2.31] 
where kv = von Kannan constant, u = horizontal wind speed, zd = effective vegetation height, 
and q. = stability correction factor. The accuracy of the aerodynamic method improves if 
more than two measurement heights are used. The method has been used to measure NH3 
exchange on land surfaces (Lemon and van Houtte, 1980), and from urea applied to soils 
(Harper et al., 1983). 
In the case of the energy balance method, K is estimated from an energy balance between the 
heat gained by the soil surface from solar radiation (R), the loss of energy through the 
sensible vertical convective heat flux (H), vertical water vapour flux (E) and by a change in 
energy storage (G). Thus, 
[2.32] 
where ua is air density and cp is the specific heat of air at constant pressure and equivalent 
temperature T E' 
[2.33] 
where T is air temperature and Uw is water vapour concentration. Eliminating K between Eqs. 
[2.32] and [2.33] gives the vertical flux of NH3 as: 
[2.34] 
The advantages of this approach over that of the aerodynamic method are that stability 
corrections are not required, the necessary and evaporation measurements provide valuable 
additional information since soil drying is known to influence the NH3 flux. The 
disadvantage is that at night both Rand G become small and hence difficult to measure. 
Denmead et al. (1976 and 1978) used this method to monitor the NH3 exchange by a plant 
canopy whilst Lauer et al. (1976) and Hutchinson et ai. (1982) used it to measure NH3 fluxes 
from cattle feedlots. 
(ii) Mass balance: 
The majority of the recent micrometeorological studies have been based on the mass balance 
approach due to its theoretical and practical simplicity (Denmead, 1983). The NH3 flux is 
determined by estimating the rate at which the NH3 is carried by the wind across a vertical 
plane located at the centre of a treated area. It is assumed that at a particular height the 
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product of wind speed (u) and NH3 concentration (c) represent the horizontal NH3 flux. Thus 
the total flux for the atmospheric layer can be obtained by the integration of the product (ut) 
from several heights. This can be attained by having a series of NH3 samplers (static or draft) 
and anemometers at different heights (generally 5 height levels for ground with short 
vegetation) along a vertical mast erected in the centre of the treated area (Figure 2.3). 
Windward Leeward 
Wind direction 
Mast with ammonia trap' 
monitoring background 
ammonia levels .... 
.. ' 
.. ~ ~ . 
..... 
.. ···O;ffuslon and turbulence 
.,/ L CONVECTION 
Mast with anemometers 
and ammonia traps 
Z, the height of 
profile 
development 
Circular plot fertilised 
with urea 
Figure 2.3 Diagrammatic representation of the determination of NHa 
loss from broadcast urea using micrometeorological 
mass balance method (Source: Ryden and McNeill, 1984) 
Although an NH3 flux can occur through diffusion, diffusive transport is generally ignored 
due to its relatively low contribution to the net flux from the ground. Thus if c is redefined as 
the density of NH3(g) in excess of the background, then 
F = (1/x) J:uc dz [2.35] 
where F is again the NH3 flux density, x is the fetch i.e. the distance travelled by the wind 
over the treated plot, il is wind speed and uc is the time averaged horizontal flux at a 
particular height (z). 
The fetch x of a rectangular plot can vary with the change in wind direction (Denmead et al., 
1982; Ryden and McNeill, 1984; Stevens and Logan, 1987; Jarvis et al., 1989a and b), 
however, use of circular plots can easily overcome this problem (Wilson et al., 1982). 
Several workers have adapted the circular plot approach for measuring NH3loss from 
surface-applied urea (e.g. Black et at., 1985a and 1989; McInnes et at., 1986a; Ferguson 
et at., 1988) or livestock slurry (e.g. Pain et at., 1989) in the field. 
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The minimum sampling height (z) depends on the fetch (x) and is approximately 0.1 x 
(Denmead, 1983). However, it can vary according to the surface roughness and the 
atmospheric stability. Surface roughriess is negligible in an area where vegetation is at the 
ground level (e.g. heavily grazed or cut pasture or even a short grass cover up to 0.2 m tall). 
Surface roughness becomes significant when NH3 flux measurements are made over a crop 
canopy (Denmead et at., 1982). However, the errors associated with this method (± 10%) are 
considerably lower than those of the energy balance method (± 20-45%) (Ryden and 
McNeill, 1984). 
The background measurement of NH3 concentration is necessary to obtain the actual NH3 
flux density of the treated area. Background NH3 is obtained by installing similar equipment 
upwind at a minimum of two locations in the untreated area close to the treated plot 
(Sherlock et al., 1989). Care must be taken to avoid contamination of the background 
samples by NH3 from the treated area due to changes in wind direction. Measurement of 
background NH3 concentrations nece~sarily increases the instrumentation and the required 
number of analytical samples. 
Instrumentation requirements can be reduced substantially using the approach of Wilson 
et at. (1982). These workers showed that at some particular height 'ZINST' above a circular 
plot, the horizontal NH3 flux is directly proportional to the vertical NH3 flux. For a bare soil 
surface and a plot size of 20 m radius ZINST is approximately 0.75 m. Thus a single 
ammonia sampler mounted at ZINST can be used instead of a battery of samplers mounted at 
various heights. Atmospheric instability appears to have little effect on the NH3 flux density 
measured at ZINST and consequently measurements made at this height were satisfactory at 
a wide range of wind speeds (1 to 13 m s-1) (Denmead, 1983). Several other workers also 
reported that measurement of time averaged wind speed and NH3 concentration at a single 
height sufficiently represented the entire atmospheric layer (Wilson et at., 1983; Pain et al., 
1989; Sherlock et al., 1989). Gordon et al. (1988) showed that single height measurement is 
also possible in smaller plots (7 m diameter) but the experimental errors increase 
considerably. More work needs to be done on smaller sized plots since these could be of 
tremendous advantage for replication. 
Although significant developments have been made in the mass balance method within the 
past decade, NH3 has mainly been trapped using active systems. Active sampling' involves 
the use of suction pumps and is similar to that employed in the field enclosure methods. Air 
flow rate has to be constant and accurate. Air flow rates of 10 (Freney et at., 1985a; Fillery 
and De Datta, 1986a) or 5 L min-1 (Ryden and McNeill, 1984; Pain et al., 1989) have often 
been used. Tests have shown that trapping media such as 2% H3P04 containing glass beads 
at 25-30 L min-1 (Denmead et al., 1978), 0.005 M H2S04 at 1 L min-1 (Hutchinson et al., 
1982) and 0.002 M H3P04 at 2-10 L min-l (Ryden and McNeill, 1984) have all been 
efficient. 
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On the other hand, static samplers do not require pumps and hence installment is relatively 
simple. Leuning et al. (1985) devised an aerodynamic sampler (flow-proportional ammonia 
sampler) which consists of two orifices, trapping compartment and tail. During wind 
movement the NH3 is carried through the front orifice to the trapping compartment where it 
is absorbed on to a corrugated stainless steel spiral sheet coated with acid crystals. The NH3 
free air is exhausted through a rear orifice located on the tail piece. The tail piece also has a 
pair of fins and hence the sampler responds to wind direction. Use of this device eliminates 
the requirement for anemometers. The main advantage of the use of these passive samplers in 
the mass balance method is that they detect the time averaged horizontal flux (ue) in contrast 
to that of active samplers where the product of time averaged u and c yields the horizontal 
flux (Le. nc). 
2.7.2 Indirect measurements 
These N recovery methods are performed both in the laboratory and the field and are based 
on the applied-N balance approach in which unrecovered N is assumed to be lost as NH3. 
Although the majority of them are capable of assessing the cumulative NH310ss for a given 
period, measurements of hourly or daily NH3 flux are not easily achievable. These methods 
can be used to measure the volatilisation potential of soils that have negligible short-term 
immobilisation or denitrification potentials. In the field, the N recovery method can be used 
on either open (Recous et al., 1988) or closed (Nommik,1966; Nannipieri et al., 1985 and 
1990) plots. 
2.7.2.1 Unlabelled-N recovery 
The unlabelled-N approach is suitable for measuring cumulative NH310ss if the soil 
conditions are not conducive to immobilisation and denitrification of the applied-N 
(Nommik, 1966). The NH310ss is estimated by subtracting unhydrolysed urea and mineral-N 
values of the control soils from those of treated soils. Generally the plots are protected from 
leaching losses, and hence the unaccounted for applied-N is considered as the NH3 
volatilisation loss. Although the method involves several replicates and analyses, it is simple, 
relatively accurate under suitable conditions and, more importantly, it can be conducted in 
the field under natural environmental conditions. The method has been successfully utilised 
in many laboratories (e.g. Wahhab et al., 1960; Khan and Haque, 1965; Gandhi and Paliwal, 
1976; Du Preez and Burger, 1988) and field studies (e.g. Yolk, 1966; Stillwell and 
Woodmansee, 1981) for indirectly estimating the NH310ssesfrom soil-applied urea. 
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2.7.2.2 Labelled-N recovery 
The introduction of 15N tracer techniques has greatly facilitated N balance studies during the 
past few decades (Vlek et al., 1981). Currently this is the only efficient way of detennining 
the immobilisation of applied-N and it has been used to study short-tenn immobilisation of 
applied urea (Keeney and MacGregor, 1978; Tomar and Soper, 1981; Nannipieri et al., 
1990). A potential difficulty with this approach is that its dependence on the difference 
method for estimating NH3 loss contributes to large experimental errors. Low rates of 
fertiliser application combined with low atom % 15N enrichments can result in further errors 
(Vallis et al., 1973). Use of a direct method for measuring volatilised NH3 in association with 
the 15N recovery method appears to be the most appropriate approach for studying the 
dynamics of N transfonnations of applied urea (Smith and Chalk, 1980; Christianson et al., 
1988; Smith et al., 1988 and 1989; Recous et al., 1988). 
Sample preparation, analyses and calculations involved in tracer methods are also very 
exacting'(Buresh et al., 1982; Cabrera and Kissel, 1989) and a mass spectrometer is required 
for 15N analysis. Moreover, the selection of analytical technique for detecting applied-15N 
should not be overlooked. Drury et al. (1987) emphasised that samples with enrichments of 
< 10 atom % 15N are best estimated by the ratio method while enrichments of ~ 10 atom % 
are most accurately determined by 29N2 and 30N2 peak detection using a scanning procedure 
on the mass spectrometer. These workers maintained that since natural levels of 29N2 and 
30N2 in the atmosphere are very low, this scanning procedure appears to be best suited for the 
analysis of high 15N enrichments. 
2.7.3 Evaluation of the techniques for measuring NH310ss 
Evaluation and cross comparisons of the techniques for measuring NH3 volatilisation losses 
is essential since a wide range of methods have been in use. Further need for evaluation arises 
when new methods are developed or past methods are modified. The major problem when 
evaluating the methods is that there is no universally accepted reference method available to 
make the comparison with. Although it has been widely claimed that micrometeorological 
methods are capable of measuring NH3 under natural conditions, they are not yet proven to 
be completely accurate. 
Bacon et ai. (1986) have emphasised, "the field draft enclosure method provides a 
compromise between the highly artificial laboratory methods and the large scale 
micrometeorological techniques advocated by Denmead (1983)". Field draft enclbsure 
methods have been evaluated alongside micrometeorological methods by several workers 
(e.g. Black et al., 1985a; Hargrove et al., 1987; Ferguson et al., 1988; Black et al., 1989). 
The field enclosure semi-open system developed by Kissel et al. (1977) is considered to 
underestimate NH3 loss under high wind conditions even at high air flow rates such as 30 air 
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exchange min-1 (Hoff et al., 1981); Ferguson et al. (1988) also found thatthis system 
consistently underestimated the NH3 loss from applied urea. Despite identical NH3 loss 
patterns observed in both methods, the NH3 fluxes were substantially higher when detected 
by the micrometeorological technique. 
The main problem associated with the draft enclosure system is that often the air exchange in 
the chamber is not related to the natural wind movement. It is well established that above 15 
air exchanges min-I, the air flow rate does not appear to affect the NH3 flux (Kissel et al., 
1977; Bacon et al., 1986). Evidently, under windy conditions cumulative NH310ss values 
obtained from the mass balance micrometeorological approach and a draft enclosure method 
were similar on two occasions (Black et al., 1985a and 1989). However, under calm field 
conditions, draft enclosure methods may overestimate the actual NH310ss (Hargrove et al., 
1987). On the other hand, the static enclosure method is known to consistently underestimate 
the actual NH3 flux (Marshall and DeBell, 1980) even though it is considered the most 
economical direct method for assessing NH3 volatilisation potential of a wide range of soils 
because h does not require air regulating systems. Also if the objective is to study the 
relationship between the factors influencing the volatilisation potential of soils, the use of 
static enclosure systems may not be suitable due to the possible underestimation of NH3 loss 
from soils with high moisture, clay or organic matter contents (see Section 2.7.1). 
As stated previously, the use of wind tunnels can overcome the problem of simulating the 
wind movement. Wind tunnels can cover an area of 2 x 0.5 m or more and can be used 
successfully in experiments involving several treatments. However, the initial cost of the 
equipment may be expensive since each unit consists of an electric motor, fan, anemometer, 
flow straightener, polycarbonate tunnel and other accessories. 
Micrometeorological methods are known to measure NH3 loss under most natural conditions. 
A problem associated with these methods is that the use of active trapping requires wind 
speed measurements. When wind speed is very low, the anemometers near ground level tend 
to stall and underestimate the actual wind speed and, therefore, the NH3 flux (Gordon et al., 
1988). Most workers use cup anemometers which have a stall speed of 0.15 m s-l. According 
to laboratory enclosure tests since maximum NH3 flux occurs around 0.06 m s-1 (Kissel 
et al., 1977), most of the NH3 loss occurring under low wind conditions may not be 
accounted for. Moreover, at low NH3 flux levels the sensitivity of the NH3 samplers are very 
critical and a small error can alter the actual final NH3 flux value substantially (McInnes 
et aZ., 1985). Incorrect placement of the sampling orifice facing leeward at low NH3leveis 
further accentuates such problems (Gordon et aZ., 1988). Although the passive sampler 
designed by Leuning et al. (1985) can track the wind direction, it is not yet known whether 
this sampler is efficient at very low wind speed levels. Furthermore, heterogeneous 
distribution of sources of NH3 can cause spatial variability in NH3 flux. Although this must 
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be more in grazed swards (Ryden and McNeill, 1984), uneven broadcasting of urea may also 
cause a similar problem. 
Generally, the non-sampling errors associated with the micrometeorological methods are due 
to turbulence and these are ignored as they rarely exceed 10% of the total flux (Raupach and 
Legg, 1984). Others have estimated a maximum overall error of 10% under normal 
conditions (Ryden and McNeill, 1984; Jarvis et aZ., 1989a). These errors can be higher when 
measurements are made at a single height and this can result in the underestimation of the 
NH3 flux obtained for the entire profile (McInnes et aZ., 1985; Sherlock et al., 1989). 
However, such errors may not be important when a comparison is made between different 
soil types or between the effects of various management practices. 
The use of indirect methods for measuring cumulative NH3 loss are still preferred by some 
since the NH3 losses are measured under natural conditions (Reynolds and Wolf, 1988). 
Since the urea hydrolysis and NH3 volatilisation processes are relatively more rapid than the 
immobi1isation, nitrification and denitrification processes, N recovery methods can be 
successfully utilised for short-term NH3 measurements. Consequently, both labelled- and 
unlabelled-N recovery methods can be equally efficient in determining short-term NH310sses 
(Burch and Fox, 1989). The NH310sses measured by the micrometeorological and unlabelled 
N recovery methods from surface-applied urea were 25 and 30% respectively 4 days after 
. application whilst losses recorded after 6 days were 28 and 45% respectively (Black et al., 
1984). This difference was attributed to immobilisation of applied-N at the latter stage of the 
study. If the objective is to simply assess the volatilisation potential of a soil under low 
denitrification conditions, the straight forward use of the Kjeldahl method may be sufficient 
to quantify the total-N retained by the soil (San, 1986). 
It must be emphasised that NH3 volatilisation loss from surface-applied urea is mainly a 
surface phenomenon and hence the use of undisturbed soil is vital for volatilisation potential 
studies. However, if the field has been under continuous cultivation, this is less critical 
(Reynolds et aZ., 1985). Soil samples obtained from undisturbed soils for the characterisation 
of their relevant properties should be obtained from the soil surface (0-2 cm depth). This is 
because the active reaction depth of surface-applied urea in unsaturated soils is about 2 cm 
(Hauck, 1984; Ferguson and Kissel, 1986; Sherlock et aZ., 1986). Since the soil below the 
reaction depth does not participate in the urea-N transformation reactions, inclusion of such 
soil would generally result in the underestimation of important soil characteristics. If the the 
focus is on the soil factors influencing volatilisation potential it is appropriate to use 
undisturbed bare soil to avoid interactions with plant cover, thatch and litter. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 FIELD LABORATORY PREPARATION 
A mobile field laboratory was located at the Lincoln University Sheep Breeding Unit. This 
laboratory was used for measuring NH3 volatilisation from surface-applied urea by the field 
enclosure method (Sherlock and Goh, 1984). The enclosures consisted of sections of PVC 
pipe (23.5 cm 10. x 10 cm high) fitted with detachable transparent 'Perspex' lids. When 
inserted into the soil a 3 cm high headspace was formed. The lids were circular in shape and 
were clamped tightly with clips onto the foam rubber seal attached to each enclosure rim. An 
air inlet and exhaust were fitted on either side of the elevated rim approximately 1.5 cm 
above the soil surface. The exhaust was connected via polypropylene tubing to a gas 
collecting system located in the field laboratory. Air was swept through the enclosures at 
21 L min-I (16 air exchange min-I) using vacuum pumps. The flow from each enclosure was 
partitioned such that 15% (3 L min-I) was bubbled through an NH3 trap containing 50 mL of 
0.05 M H2S04, This was achieved with the use of small telescopic tubular restrictions which 
allowed 85% (18 L min-I) of the unscrubbed gas to flow through the vacuum pumps along 
with the NH3 free air derived from the acid scrubber. Air flow was measured using gap 
meters. Generally two air flow measurements were made each day: one in the morning 
(0800 hours) and the other in the afternoon (1700 hours). 
The existing field laboratory system was reconstructed in order to accommodate a larger 
number of enclosures and to up-date the gas collection system. The reconstruction was 
initiated in February 1988 and completed by July 1988. The entire gas collection system 
consisted of 30 individual NH3 scrubbing units. Equal lengths of polypropylene tubing 
(12 mm I.D.) connected each enclosure to its individual gas collection unit. Two manifolds 
consisting of modified plastic desiccators were employed to distribute flow. Each manifold 
contained 15 fast and 15 slow flow terminals. The slow flow terminals were connected to 
NH3 scrubbers while their fast counterparts were attached directly to individual unit 
manifolds; a single 250 mL Buchner flask servicing each enclosure (Figure 3.1 and 
Plate 3.1). Apart from functioning as a mini-manifold where gas was partitioned for trapping, 
this small flask also collected any foreign material that entered the exhaust pipe line despite 
the filtration of air by a nylon mesh fitted to the open end of the exhaust outlet. 
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Plate 3.1 Ammonia trapping system located in the mobile field 
laboratory 
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The tubing leading from the field laboratory to the enclosures was laid on a thick black 
polyethylene sheet (3 m x 2 m) firmly attached to the: ground. Clear polyethylene sheet of 
similar size and gauge was laid over the tubing. This system acted as a solar heater and thus 
prevented condensation occurring in the tubes between the enclosures and the NH3 traps in 
the field laboratory. Some condensation was however still apparent on the insides of some 
enclosure lids during cold humid nights. This was eliminated by placing a second lid over the 
existing enclosure lid during the night hours. 
The gas collection system was very satisfactory with both the slow and fast air flow rates of 
each unit being reasonably consistent throughout the experiments. When fluctuations in flow 
rate occurred they were very small and their contribution to the percentage error was 
negligible. Calculations showed that during the worst fluctuation in the air flows, the 
percentage error would be approximately ± 5% of the initial slow or fast air flow rates. The 
gas collection system was run continuously over a 10 day trial period and was considered to 
be satisfactory for proceeding with the NH3 volatilisation experiments. 
3.2 SOIL PREPARATION AND FERTILISER APPLICATION 
Undisturbed blocks of topsoil (450 cm2 area x 7 em depth) were collected from various pans 
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of the North and South Islands of New Zealand. The samples were brought to the 
experimental site and each block of soil was buried at ground level along with similar blocks 
from the experimental site. The experimental design was completely randomised and laid out 
over an area of 7 x 5 m about 3 m north.of the field laboratory. The vegetation above the soil 
surface of each soil block was carefully clipped and removed. An enclosure was then pushed 
over each block of soil to produce an enclosed monolith leaving a 3 cm headspace. The 
enclosed soil monolith was then buried at ground level and tightly packed around with soil 
(Figure 3.2). The day before an experiment was due to start each enclosed soil block was 
irrigated with approximately 120 mm of water. 
Air filter 
Air to gas collection 
system ........ 1-_ 
Soil core 
•• 
3 cm Head space 
23.5 cm ID --... 
Air inlet 
Soil packed around 
enclOsure 
Figure 3.2 Diagrammatic representation of an enclosed soil 
core 
Five enclosures (replicates) of each soil type were broadcast with granulated urea (2-3 mm 
diameter) at the rate of 100 kg N ha-1 (0.93 g urea per enclosure) between 0630 and 
0700 hours. Four of these enclosures were used for NH3 gas sampling while the remaining 
one was used for micro site soil pH measurements. The location of each urea granule in this 
pH enclosure was marked with a small flag to enable accurate subsequent microsite 
sampling. The commercial urea obtained from Petroleum Corporation NZ Ltd., contained 
approximately 62% of 3-4 nun and 34 % of 2-3 mm sized granules. It was decided to use the 
2-3 mm granules to obtain a sufficient number of microsites for the soil pH measurements. 
The investigation conducted by Black et at. (1987a) on the same experimental site 
demonstrated that granular size up to 5.6 mm diameter had no significant effect on the NH3 
loss from surface-applied urea. The average weight of the 2-3 and 3-4 mm granules were 12.3 
and 25.2 mg respectively. 
Six other enclosures (one from each soil type) were used to monitor the rates of changes in 
urea-N, ammoniacal-N and N03--N. Two weeks before each experiment started fifteen 5 cm 
high aluminium sampling rings (4.75 cm I.D.) were gently pressed into the soil within each 
of these six enclosures. At the commencement of each experiment, urea granules were 
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broadcast at the rate of 100 kg N ha-t (about 0.062 g of accurately weighed urea per ring) on 
to the soil within the rings. Four additional enclosures containing the site soil (Templeton silt 
loam) did not receive urea and were used as controls to monitor ambient air NH3 
concentrations and background NH3 emissions. All the enclosures were sealed with 'Perspex' 
lids and were aspirated at 21 L min-t (16 air exchanges minot at the chamber height of 3 cm). 
The air from the control and treatment enclosures was sent through the gas collection system 
while that of the pH enclosures and the enclosures containing the sampling rings was sent 
directly to the vacuum pumps (Plate 3.2). Initially air flow rates were measured twice daily at 
0800 and 1700 hours but as the fIrst experiment (Chapter 4) progressed, the morning 
measurement alone was considered suffIcient because of the obvious stability of the gas 
collection system. 
Plate 3.2 Enclosures with lids 
3.3 AMMONIA GAS SAMPLING 
As stated previously air flow from each enclosure was partitioned such that 15% passed 
through an acid trap containing 50 rnL of 0.05 M H2S04. The trap was changed at 12 hourly 
intervals. After the completion of each gas sampling period the solution from each trap was 
diluted back to 50 rnL and placed in a water bath at 30· C prior to NH3 analysis. The NH3-N 
trapped was determined using an ammonia specifIc electrode (HNU Corporation, U.S.A.). 
Just before the electrode was introduced into (he testing solution I rnL of 10 M NaOH 
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solution was added into the flask using a 'Finpipette' followed by a plastic coated magnet. 
The flask was then placed in a beaker containing water at 30 0 C which was heated by a hot-
plate stirrer. The solution was stirred continuously and readings were taken once equilibrium 
was achieved. Calibration curves were obtained on semi-log plots using standard (NH4hS04 
made in 0.05 MH2S04 (0.03, 0.1, 0.3,1.0,3.0, 10.0,30.0, 100.0 and 200.0 pg NH/-N 
mL-1). The mean value for the background NH31evels obtained from the controls was used to 
calculate the net NH3 loss from the fertilised enclosUres. 
3.3.1 Preliminary tests of NH3 trapping efficiency 
Various dilute acids including H2S04 (McGarity and Rajaratnam, 1973; Reynolds and Wolf, 
1987a and b) 2% H3B03 (Hargrove and Kissel, 1979) and H3P04 (Stevens et ai., 1989) have 
been employed to absorb evolved NH3. Several workers have tested NH3 trapping media for 
absorption efficiency (Rajaratnam, 1966; Hutchinson et ai., 1982; Ryden and McNeill, 1984; 
Reynolds and Wolf, 1987b). The method employed in the current study had not previously 
been rigorously tested and since it was considered appropriate to do so. A combined NH3 gas 
generating and trapping device was set up in the laboratory as shown in Figure 3.3. 
Separatingfunnel __ 
0.05 M HzS04 (50 mL) NH3 source 
(100 mL buffer solution) 
Gap meter for 
Air inlet with filter 
air flow measurement 
Atmospheric NH3 
scrubbers 
Magnetic stirrer 
Figure 3.3 Diagrammatic representation of the NH 3 generating and trapping 
systemfor testing NH3 trapping efficiency 
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Atmospheric air was drawn at 3 L min- l through a series of three traps containing 1 M 
H2S04. Air flow rate was monitored and maintained constant using a gap meter attached to 
the air inlet. Ammonia free air was swept across the buffer solution containing the NH3 
source. Volatilised NH3 was passed through a SO mL 0.05 MH2S04 trapping medium 
(Trap 1) followed by two similar flasks each containing 50 mL of 0.01 MH2S04 (Traps 2 
and 3). Different concentrations of NH3 gas were generated using buffered (NH4hS04 (8.5, 
10.0,20.0,50.0, 150.0 and 200.0 p,g NH/-N mL-1). To achieve the above concentrations 
50 mL aliquots of (NH4hS04 containing 17.0,20.0,40.0,100.0,300.0 and 400.0 
J,Lg NH4 +-N mL-1 were added to 50 mL borax-HCl buffer (PH 8.0) The contents of the NH3 
source flask were stirred gently and continuously using a magnetic stirrer. Trapping was 
perfonned at room temperature for durations which varied from 6 to 24 hours. Ammonia 
volatilisation was arrested at the end of each run by adding 8 mL of 1 MH2S04 through a 
separating funnel attached to the NH3 source flask. The contents of the traps were weighed 
before and after each run to monitor the evaporation loss of water. The NHrN trapped was 
determined using an ammonia specific electrode (HNU Corporation, U.S.A.) as described in 
Section 3.3. Non-volatilised NH3 was determined by steam distillation and titration using the 
method of Bremner and Mulvaney (1982). 
Calculations: 
(a) Total NH3 volatilised (J,Lg) N = No - Nt [3.1] 
where No and Nt were the amounts of NH/-N (J,Lg) in the buffer solution before (zero time) 
and after (t hours) the volatilisation respectively. 
(b) p = N x 1000 / (G x t) 
where p is the mean NH3(g) concentration in the aspirated air at air flow rate G (L min-I) 
during sampling time t (min). 
(c) % N Recovery = 100 x (C1 + C2 ) / N 
[3.2] 
[3.3] 
where C1 and C2 are the amounts of NH4 +-N (J,Lg) detected in Trap 1 and Trap 2 respectively. 
No NH4 +-N was detected in Trap 3. 
(d) Trapping Efficiency (single trap) (%) = 100 x C1 / N . [3.4] 
The results of these preliminary experiments are tabulated in Appendix 1. The mean NH3(g) 
concentrations sampled in these preliminary experiments were compared with 'actual NH3(g) 
concentrations encountered during the field experiments of Black et al. (1985a and 1989) and 
with the concentrations measured later (Chapters 4 and 5). 
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The range of mean concentrations generated ~ 50, 150, 300,700, 1300 and 1600 /.Lg 
NH3-N m-3 correspond to NH3-N release rates under field conditions of 0.2,0.6, 1.2,2.8,5.2 
and 6.4% of the applied-N (at 100 kg N ha-1) per 12 hours respectively. The trapping 
efficiency of a single trap was essentially quantitative above 300 /.Lg NH3-N m-3 (1.2% 
10ss/12 hours), and about 90% at 50 /.Lg NH3-N m-3 (0.2% 10ss/12 hours) (Appendix 1). 
During a typical volatilisation event NH3-N loss rates are rarely as low as 0.2%/12 hours and 
typically exceed 1.2%/12 hours (Black et al., 1985a and 1989 and Figures 4.3 and 5.5). It is 
therefore considered appropriate to use a single NH3 absorption trap at ~ 3.0 L min-1 
throughout the volatilisation event without having the uncertainty of significant reduction in 
trapping efficiency. 
3.4 SOIL MICROSITE pH MEASUREMENTS 
The microsite soil pH sampling technique used was that reported by Sherlock et al. (1986). It 
involved the precise collection of a soil sample (0-1 mm depth) from below the site of 
application of a urea granule. Eight granule sites were sampled from each pH enclosure 
between 0800 and 1000 hours daily for 14 days. The samples were placed on a spotting dish 
and mixed with water (1 :2.5 soi1:water ratio) immediately prior to pH determination using a 
flat surface pH electrode (Broadley James Corp., California, U.S.A.). 
3.5 SOIL UREA·N, AMMONIACAL·N AND NITRATE·N MEASUREMENTS 
Three urea treated soil cores (4.75 cm LD. x 5.0 cm height) were excavated from each soil 
type at a specified time interval following urea application. The top 2 cm of soil from each 
sampling ring was weighed and placed in a wide-mouthed 500 mL plastic bottle containing 
250 mL of 2 M KCI-phenyl mercuric acetate (PMA) solution and the contents were shaken 
for 1 hour. After extraction the samples were transported from the field to the laboratory 
where they were filtered (Whatman No. 42) and the extracts stored in 100 mL plastic bottles 
at 4 0 C until analysed colorimetric ally for urea-N (Douglas and Bremner, 1970), NH/-N 
(Weatherburn, 1967) and N03--N (actually N02--N + N03--N) (Grasshoff, 1969) using an 
autoanalyser. 
Six samples (1.5 cm diameter x 2 em long) were also obtained from untreated'soil in the 
same enclosure. Three cores were used to determine the changes in background (native) 
mineral-N (Le. NH/-N and N03--N) and three for moisture content determinations. 
Background mineral-N was extracted by using 20 mL of 2 M KCI-PMA solution and soil 
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moisture was determined by drying the cores for 24 hours at 105 0 C. All the excavated areas 
in the enclosure were refilled with soil cores from the experimental site. The amounts of 
NH/-N and N03--N derived from the applied urea were estimated by subtracting the 
background values from that of the urea treated soil. 
3.6 SOIL SURFACE TEMPERATURE MEASUREMENTS 
Thermistor probes (model 107, Campbell Scientific, Inc.) were inserted into the soil at 
approximately 2 mm depths in selected enclosures and mean temperatures were recorded 
hourly on a 21X micrologger (Campbell Scientific Inc.). Similarly, air temperatures within 
the enclosures were monitored by shaded thermistor probes located 15 mm above the soil 
surface. Similar soil and air temperature measurements were made external to the enclosures. 
3.7 SOIL CHARACTERISATION 
Before the start of the experiment subsamples of surface soil (0-2 cm depth) were collected 
from the edges of four replicate soil blocks of each soil type. These samples were air dried 
for 48 hours in a forced-draft cabinet at room temperature (20 0 C), crushed gently, passed 
through a 2 mm sieve and stored in polyethylene bags at room temperature. The results 
reported in the study are either the average value of duplicate, triplicate or quadruplicate 
analyses expressed on an oven-dry basis. 
3.7.1 Texture 
Soil particle size distribution was determined by a Sedigraph (Micromeritics Instrument 
Corportation - Georgia U.S.A.) according to the procedures given by Gradwell (1972). 
3.7.2 Organic-C and total-N contents (%) 
Organic carbon and total-N contents were determined on subsamples which were ground to 
pass through a 150 /lm sieve (100 mesh) by dry combustion gas chromatography on a C-N 
analyser fitted with a thennal conductivity detector (Europa Scientific, Crewe, U:K.). 
3.7.3 Mineralisable- or hydrolysable-N 
A 5 g subs ample of soil « 2 mm) was incubated at 40 0 C for 7 days in an air tight 30 mL vial 
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submerged with 10 mL of water (Keeney and Bremner, 1966). The NH4 +-N produced after 
the incubation was measured using the steam distillation method (Bremner and Mulvaney, 
1982). The initial soil NH4 +-N content prior to incubation was measured by extracting 10 g 
duplicate samples with 25 mL of 2 M KCI for 0.5 hour followed by colorimetric analysis on 
an autoanalyser (Weatherburn, 1967). Anaerobically mineralisable-N was calculated by 
subtracting the initial NH/-N from the NH/-N measured following incubation. 
Hydrolysable-N was measured by placing a 3 g subsample of soil together with 20 mL of 
2 M KCI in 'Universal' bottles in a boiling water bath for 4 hours according to the method of 
Gianello and Bremner (1986). 
3.7.4 Buffered CEC 
Buffered cation exchange capacity (PH 8.6) was measured using the procedure described by 
Polemio and Rhoades (1977). Four replicate measurements on four separate sub samples of 
soil were used per soil type. About 4-5 g of soil was accurately weighed and placed in a 
50 mL centrifuge tube with 33 mL of 0.4 M sodium acetate-0.1 M sodium chloride in a 60% 
ethanol mixture (pH 8.6). This was shaken for 5 min before being centrifuged for 10 min at 
2000 rpm. The clear supernatant was discarded and the above procedure was repeated five 
times. Following each equilibration, the soil sediment was dispersed using a vortex shaker. 
The Na+ on the exchange sites was then extracted with 33 mL of 0.25 M magnesium nitrate 
using the equilibration procedure described above. The sodium extraction was repeated 
3 times and the supernatants were bulked in a 100 mL volumetric flask. The fmal volume 
was brought to 100 mL using 0.25 M magnesium nitrate solution. A 5 mL aliquot of this 
extract was diluted 10 times in a 50 mL volumetric flask and Na+ was measured using an 
atomic absorption spectrometer. Chloride was also measured using an autoanalyser with 
5 times dilution to trace any Na+ present in the soil extraction other than that from the 
exchange sites following the final equilibration with Na+. 
3.7.5 Exchangeable and soil solution calcium (Ca2+) and magnesium (Mg2+) 
Five gram of soil was placed in a 50 mL centrifuge tube with 25 mL of 1 M ammonium 
acetate (PH 7.0) and extracted by shaking for 30 min, followed by centrifugation at 2000 rpm 
for 10 minutes. The supernatant was filtered and collected in a SO mL volumetric flask. The 
above steps were repeated once more and the volume of the extract was brought ~o 50 mL 
using ammonium acetate solution. The extracts were further diluted 5 times before analysis 
by atomic absorption spectrometry. Three replicates from each soil type were used for these 
Ca2+ and Mg2+ determinations. 
3.7.6 Initial (native) soil pH 
Five grams of soil was mixed with 12.5 mL of water in a 25 mL beaker, stirred and the pH 
measured after 2.5 hours with a combined glass/calomel electrode. 
3.7.7 H+ buffer curves 
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Four gram subsamples of each soil type were weighed into 6,30 mL plastic vials followed by 
10 mL aliquots of NaOH solutions at the following concentrations: 0.00, 0.01, 0.02, 0.03, 
0.04 and 0.05 M. The suspensions were stirred and pH measurements were obtained using a 
flat surface electrode (Broadley James Corp., California, U.S.A.) after 2, 24, 48, 72, 96, 120 
and 144 hours. The samples needed no replication since preliminary tests showed that the 
maximum differences between pH values obtained from duplicates were ± 0.01 to 0.08 and 
0.00 to 0.01 units up to 72 hours and after 96 hours respectively. Buffer curves were obtained 
by plotting pH against [OH-] (mmols kg-l). I 
3.7.8. Soil urease activity 
Soil urease activity was determined by the procedure of Tabatabai (1982). Five gram 
subsamples of soil in quadruplicate were weighed into 100 mL plastic bottles and left in an 
incubator for 2 hours at 37 0 C. Five millilitres of 2 mg mL-l urea solution was then added and 
incubated for a further 5 hours. The bottles were removed from the incubator and the contents 
extracted for 1 hour using 2 M KCI-PMA solution. The extract was filtered (Whatman 
No. 42) and stored in the refrigerator at 4 0 C prior to analysis for unhydrolysed urea on an 
autoanalyser (Douglas and Bremner, 1970). Urease activity was expressed as /.Lg urea-N 
hydrolysed per gram of dry soil per hour. 
3.8 STATISTICAL ANALYSIS 
All statistical analyses including: correlation tests, linear and non-linear multiple regression, 
't' -tests and analysis of variance (ANOV A) were carried out using the computer program 
'MINITAB' on a PC computer. Cumulative standard errors (SE) for the recovery of 
applied-N in soils were calculated according to an error structure proposed by Snedecor and 
Cochran (1967) which was later cited by Legg and Meisinger (1982) and Saffigna (1988). 
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CHAPTER 4 
AMMONIA VOLATILISATION POTENTIALS OF SOME NORTH ISLAND 
SOILS BROADCAST WITH UREA GRANULES 
4.1 INTRODUCTION 
The factors affecting NH3 volatilisation losses from broadcast urea were described in detail in 
Chapter 2. For the most part, our understanding of the effects of these factors has been gained 
through laboratory based studies using disturbed soil samples. This approach has often been 
criticised. Tennan (1979) emphasised that the major need in further research on NHTN 
losses appeared to be for field experiments in which the loss-contributing factors are 
quantified. Recently, emphasis has been placed on micrometeorological methods for 
measuririg NH3 loss because the losses are measured under natural environmental conditions 
(Freney etat., 1983; Denmead, 1983). However, the use of micro meteorological methods to 
compare the volatilisation potentials of a range of soil types under the same environmental 
conditions is difficult because of the relatively large treatment areas required (e.g. 40-50 m 
diameter circular plots). Field enclosure methods are considered more suitable for 
volatilisation potential studies to compare a range of soils. These methods allow the 
standardisation of certain environmental conditions while integrating the effects of the other 
factors known to independently influence NH3 losses. 
The main objectives of this section of the current study were therefore: (i) to compare the 
NH3 volatilisation loss dynamics of selected North Island soils broadcast with urea granules 
under the same field environmental conditions; and (ii) to examine the relationships between 
various soil characteristics and NH3 volatilisation loss dynamics. 
4.2 MATERIALS AND METHODS 
Details of the materials and methods used in the present study have been given in Chapter 3. 
The main criteria used for the collection of undisturbed soil samples were that the soil blocks 
collected should be from a wide range of locations in North Island and managed under 
different agricultural practices (Table 4.1). 
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, Table 4; 1 . Soil descriptions 
Soli type Templeton Kaharoa Kokotau Kalranga Takapau Patumahoe 
silt loam sand silt loam silt loam heavy slit loam clay loam 
District Canteroury TePuke Wairarapa Manawatu Hawke Bay Pukekohe 
Site location Lincoln Paengaroa 5kmSof 10kmEof 8kmNof 6kmWof 
University Masterton Palmerston Takapau Pukekohe 
North 
Classification Recentlyellow- Primary Yellow-grey Recent solls Yellow-brown Brown granular 
grey earth podzolicsoil loam from alluvium loam clay 
Parent material Greywacke kaharoaash Mudstone Alluvium Alluvium from Hamilton ash 
alluvium greywacke and over basalt 
volcanic ash and sediments 
Topography Flat Flat Flat to gentle Flat Flat' Flat 
rolling 
Paddock Sheep pasture Orchard Wheat Ryegrass seed Sheep pasture Dairy pasture 
history with ryegrass (past 5 years) (past 4 years) crop (past 4 (past 10 years) with very poor 
and clover years) grass/clover 
vegetation 
Fertiliser or Nil 1984 -liming 1986/87 - DAP 45 kgN/ha Super phosphate Nil 
soli amendment 1985 - 1 tlha 125 kg/ha annually 250kg/ha 
K & P mixture annually 
One soil (Patumahoe clay loam) appeared to have been disturbed during transportation and 
was therefore repacked into the enclosures. The other soils were used undisturbed with the 
enclosure casing gently pushed over the individual soil blocks. Urea granules were broadcast 
on 5 October, 1988 between 0615 and 0700 hours. Ammonia was collected every 12 hours 
thereafter for a total period of 7 days and subsequently on a daily basis until 23 days 
following the application of urea. As described in Chapter 3 thermister probes were used to 
measure soil temperatures of the Kaharoa, Takapau, Patumahoe and Templeton soils and soil 
surface temperature (under shade) outside the enclosures. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Soil characteristics 
The six soils showed a wide range of physical, chemical and biological properties 
(Table 4.2). The Takapau heavy silt loam from Hawke Bay had the highest organic-C (DC) 
(7.31 %), total-N (TN) (0.69%), CEC (422 meq kg-l) and anaerobically mineralisable-N 
contents (186 p.g NH4-N g-l). The Patumahoe clay loam soil fromPukekohe had the lowest 
pH (5.37) whilst the Kaharoa sand from Te Puke had the highest pH (7.08). The paddock 
history of the Kaharoa sand indicates (Table 4.1) that this. soil was amended with lime and 
this is likely to be the reason for its high pH and high calcium content (67 meq kg-l). The 
Kaharoa soil also had the highest sand content (71 %) and urease activity. Although the 
Table 4.2 Soil physical, chemical and biological properties 
Soil Type Sand Silt Clay pH OCa TN' CEC Ca2+ Mg2+ KCl-Nc Aner.-~ Urea hydrolysis rate 
(%) (%) (%) (%) (%) ----meq kg-1 ---1J.g NH4-N g.l_ Lab (5h) Field (24h) 
p.g g-l h-1 p.g core-1 h-1 
Templeton 41 28 31 6.15 4.03 0.37 289 43 7 26 129 80 684 
silt loam 0.08 0.23 0.02 15 1 0 2 15 15 30 
Kaharoa 71 16 13 7.08 4.28 0.36 311 67 8 28 85 138 501 
sand 0.10 0.33 0.03 U 8 0 3 11 8 210 
Kokotau 23 40 37 5.87 2.80 0.28 243 35 5 21 82 39 851 
silt lOar:Q 0.05 0.07 0.01 36 0 0 0 4 10 126 
Kairanga 27 40 33 6.30 2.00 0.22 241 35 7 17 94 16 395 
silt loam 0.00 0.03 0.01 7 2 0 1 5 10 63 
Takapau 34 57 9 5.79 7.31 0.69 422 52 7 45 187 108 399 
silt loam 0.02 0.55 0.05 36 6 1 0 27 32 39 
Patumahoe 22 39 39 5.37 4.47 0.42 284 29 4 29 82 45 351 
clay loam 0.06 0.05 0.01 21 1 0 1 3 9 51 
LSD (P ~ 0.05) 0.71 1.54 0.45 33 15 4 4 11 19 24 
Numbers quoted in bold are standard error of mean. 
a = Organic-C (% by weight) 
b = Total-N (% by weight) 
c = Hydro1ysable-N at 100· C in 2 M KCl 
d = Anerobically mineralisable-N 
~ 
w 
Kokotau and Kairanga silt loams occur in different districts and originated from different 
parent materials (mudstone and alluvium respectively), they appear to have similar 
characteristics (except for urease activity). 
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The pH value selected for buffer capacity comparisons between soils is arbitrary, but must be 
closer to the maximum unmodified (native) pH of the soils. Appropriate values for the 2 hour 
and 5 day equilibrations were 7.5 and 7.0 respectively (Figures 4.1a and b). The buffer 
capacity values obtained after 2 hours equilibration for the Templeton, Kaharoa, Kokotau, 
Kairanga, Takapau and Patumahoe soils at pH 7.5 were 14,6,23, 11,36 and 
66 [OH] mmols kg-1 respectively (Figure 4.1a) whilst 5 day equilibration at pH 7.0 were 20, 
0,27,23,50 and 78 [OR] mmols kg-1 respectively (Figure 4.1b). 
Urease activity (assayed in the laboratory) was positively correlated to exchangeable and soil 
solution Ca2+ (from hereon referred to as Ca2+ content) (r = 0.93; P ~ 0.01) (Appendix 2). 
Since it was suspected that results for the Kaharoa sand may have contributed to the Ca2+ and 
urease activity relationship, a correlation test was performed using data from the other soils 
only. When the Kaharoa sand was eliminated the correlation coefficient for the relationship 
between urease activity and Ca2+ content reduced to 0.85. However, stepwise multiple linear 
regression analysis without the Kaharoa soil values showed that organic-C content accounted 
for 81.0% of the variance. Several workers have reported that urease activity is enhanced by a 
high organic-C content (Gould et al., 1973; Dalal, 1975; Dash et al., 1981). But since the 
presence of Ca2+ also appeared to have been related to a high organic-C content (r = 0.70), it 
is difficult to distinguish between the influence of these two factors on urease activity. 
4.3.2 Ammonia volatilisation losses 
Cumulative NH3 volatilisation losses are presented in Table 4.3. At the end of the 
experimental period (day 23), the Kaharoa sand had lost 53.0% of the surface-applied-N 
whilst the Patumahoe clay loam had lost only 8.5%, with losses from the other soils lying 
between these extremes. Despite the similar soil properties of the Kokotau and Kairanga silt 
loams, the Kokotau soil lost more NH3 initially probably because it had a significantly higher 
soil urease activity (Table 4.2). A rapid increase in soil alkalinity caused by a rapid 
hydrolysis rate (due to a high urease activity) is reported to cause a high NH3 volatilisation 
loss (Hauck, 1984; Fenn and Rossner, 1985). Nevertheless, both the Kokotau and Kairanga 
siit loams displayed similar cumulative NH3 losses 3-5 days following urea application 
(Table 4.3). The Templeton soil lost 40.3% of the applied-N within 7 days which is higher 
than in all previous studies conducted on this soil (Sherlock et al., 1986; Black et aI., 1987a 
and b, 1989). This higher loss may be due, in part, to the absence of vegetative cover and the 
higher soil temperatures experienced in the present study (Figure 4.2). 
Figure 4.1 Buffer curves for soils equilibrated with /OH] solution 
(a) 2 hours equilibration (b) 5 days equilibration 
11 pH pH 9r----------------------------------------, 
10 
B 
9 
8 
-t- Kshsros -r Kokotsu 8 
6 
"""*- Tskspsu ~ Pstumshoe Ksirsngs Tskspsu Pstumshoe 
5 5 
0 26 60 76 100 126 0 26 60 76 100 126 
/OH] (mmols/kg dry soil) /OH] (mmols/kg dry soli) 
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• Table 4.3 Cumulative NH3 losses (% applied-N) 
Soil types Days following the application of urea 
1 2 3 5 7 15 23 
Templeton 8.3 28.0 33.7 38.2 40.3 43.1 44.3 
silt loam 
Kaharoa 4.6 25.8 36.6 43.5 46.5 50.1 53.0 
sand 
Kokotau 3.2 15.5 22.3 27.7 30.0 32.8 33.9 
silt loam 
Kairanga 1.6 9.9 18.8 27.3 30.7 34.6 35.7 
silt loam 
Takapau 1.2 8.0 13.4 18.9 22.0 26.8 29.1 
heavy silt loam 
Patumahoe 0.1 0.7 1.5 3.1 4.4 7.2 8.5 
clay loam 
LSD (P ~ 0.05) 1.6 2.6 2.8 2.9 2.9 2.9 3.0 
Black et al. (1989) reported that ammonia volatilisation measured during the 1985 winter 
period from bare Templeton silt loam amounted to 29% of the applied urea-N over 10 days. 
This was significantly higher than that lost from the same soil with a vegetative cover 
present. In the present study the NH3 loss from the Templeton silt loam bare soil reached the 
above value (29%) within two days following urea application. 
Figure 42 Soil and air temperatures against time following urea application 
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The ambient air temperatures which prevailed outside the enclosures (maximum average 
daily air temperature of 20 0 C within the flrst 8 days) (Figure 4.2) in the present study must 
have contributed to the high rate of urea hydrolysis and the high subsequent NH310ss 
compared to previous studies on this soil where low temperatures (maximum 10 a C) were 
experienced (Black et al., 1989). The experimental period (October 1988) included the 
wannest spring on record for Canterbury and the day time soil temperatures often remained 
above 30 a C between 1200 and 1400 hours (Figure 4.2) and at times rose to 50 a C at the later 
part of the study. 
Several workers have reported the direct effect of diurnal temperature fluctuations on the 
pattern of NH310ss from surface-applied urea (McGarity and Rajaratnam, 1973; Denmead 
et al., 1974; Sherlock and Goh, 1984; Black et ai., 1989). The diurnal patterns observed here 
were similar to those reported earlier with losses sustained during daylight hours generally 
exceeding those at night (Figure 4.3). 
Flgur:e 4.3 Half-daily ammonia loss against time fol/owing urea 
application 
Ammonia loss rate (9£, applied NIO.5 day) 
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Despite the low night temperature, the NH3 losses recorded for each of the soils on the first 
night was higher than that of the losses sustained during the flrst 12 hours followillg urea 
application. This is likely to have been caused by the continuous build-up of NH3(aq) in the 
microsite resulting from urea hydrolysis. All soils except the Templeton soil had the peak 
night NH3 loss on the second night. It appears that since the Templeton soil had the highest 
rate of NH3 loss during the second day following urea application the potential for 
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subsequent night time NH3 loss must have been reduced substantially. This is illustrated in 
Figure 4.4 by the time period required to achieve the peak cumulative loss, Tmax (cumulative 
NH3loss (% applied-N) + time (days)) (Stevens et ai., 1989). Whereas the cumulative NH3 
loss peaked on day 1.5 for the Templeton soil all the other soils reached their peak loss 
2.5 days after urea application. Moreover, except for the Takapau and Patumahoe soils, all 
soils had lost over 85% of the total 23 day cumulative loss within the first 7 days. 
Figure 4.4 Cumulative ammonia volatilisation rates against time 
fol/owing urea application 
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4.3.3 Changes in urea-N, ammoniacal-N and nitrate-N 
4.3.3.1 Urea-N and ammoniacal-N 
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Figures 4.5 and 4.6 illustrate the hydrolysis rate of urea and the subsequent accumulation of 
ammoniacal-N in the soil respectively. In all soils about 70-90% of the applied urea was 
hydrolysed within 2 days (except for the Patumahoe) (Figure 4.5). During the next 2 days, 
until the fmal sampling at day 4, further hydrolysis in all treatments was very slow. Note that 
the hydrolysis rate measured in the field appeared to differ from the urease activity measured 
in the laboratory (Table 4.2) (r = -0.08, Appendix 2). The hydrolysis rate in ~e field was 
obtained from soil cores enclosed within aluminium cylinders (5 cm diameter) whilst the 
laboratory characterisation of urease activity was made by incubating air dry soils with a urea 
solution. The laboratory assessment of urease activity clearly failed to reflect the enzyme 
activity under the prevailing field conditions. 
Figure 4.5 Unhydro/ysed urea-N recovered from salls against time 
fol/owing urea application 
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Figure 4.6 Net ammonlacal-N recovered from salls against time 
fol/owing urea application 
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Under the experimental conditions encountered, factors such as soil drying (McInnes et al., 
1986a) and different substrate levels (Kandeler and Gerber, 1988) caused by soil drying or 
ureolytic microbial activity (McGarity and Myers, 1967) may have rendered the urea 
hydrolysis rate less than optimal. Savant et al. (1987b) reported that urea granules broadcast 
on to soil surfaces create a heterogeneous system whereas urease activity assessed in the 
laboratory may overestimate the effective urease activity due to the homogeneity caused 
through the use of a urea solution on air-dried-sieved soils. Visual observations indicated that 
urea granules disappeared most rapidly in the Patumahoe soil (complete dissolution within 
4 hours of application). The complete disappearance of urea granules in other soils was 
observed between 5-6 hours, except for the Takapau soil where a presence of few small 
granules was recorded even after 12 hours following urea application. The reason for the 
slow dissolution of urea granules applied on the Takapau heavy silt loam was not clear. 
However, despite the removal of vegetation in all the soils, the presence of relatively large 
amounts of turf roots on the Takapau soil surface may have partly affected the dissolution 
rate of the urea granules. Consequently, despite the higher urease activity (6 fold compared to 
the Kairanga soil) the hydrolysis rate in the field was similar for both the Takapau and 
Kairanga soils (Table 4.2). Thus it is plausible that the difference in dissolution rate also 
contributed to the poor relationship between the laboratory and field hydrolysis rates. 
Soil drying was very pronounced during the first day of the experimental period (Figure 4.7). 
The Kaharoa, Takapau and Patumahoe soils lost 140-150 g ~O kg-1 soil d-1 and these rapid 
moisture losses are likely to have affected the urea-N transformation processes. It is apparent 
that the initial rapid soil moisture loss retarded the urea hydrolysis rate in the Patumahoe and 
Takapau soils after day 1 and 2 respectively (Figure 4.5). The urea hydrolysis rates of the 
other soils were not affected by moisture loss to the same degree. In a laboratory trial, 
Reynolds and Wolf (1987a) found that drying of the soil before urea hydrolysis was complete 
resulted in a reduced NH3 volatilisation loss; while drying after hydrolysis was complete 
produced NH3 losses similar to those from non-drying soils. Similar work by Ferguson and 
Kissel (1986) showed that rapid soil drying inhibited urea hydrolysis. McInnes et al. (1986a) 
also indicated that a zero hydrolysis rate resulted from drying of the soil surface in the field 
and that this was the dominant factor which influenced the amount of NH3 loss observed in a 
micrometeorological study. The results of this current work are in agreement with their 
earlier studies and appear to confirm that the potential for NH3 loss from surface-applied urea 
on to soils that are initially moist but rapidly drying is low if the soil moisture content drops 
to a level at which urea hydrolysis is inhibited. 
Ammoniacal-N accumulation was apparent until urea hydrolysis slowed on day 2 and 
declined thereafter over the next two days (Figure 4.6). Due to the higher urea hydrolysis 
inhibition the Patumahoe soil had the lowest ammoniacal-N in the microsite. Although it 
could be expected that complete hydrolysis of urea should increase the ammoniacal-N 
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concentration in the micro site and hence the volatilisation potential, it appears that this does 
not always apply to all the soils studied here. This is shown by comparing the cumulative 
losses sustained by each soil (Table 4.3) and the proportion of the applied urea-N which 
hydrolysed (Figure 4.5). During the period for which urea-N transformation data were 
obtained (up to day 4), the Patumahoe soil volatilised only 6.7% of the urea-N which had 
hydrolysed; the Takapau soil volatilised 26.5% while the other soils volatilised between 27.2 
and 43.8% of the urea hydrolysed. 
Figure 4.7 Changes in gravimetric soil moisture content against 
time fol/owing urea application 
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Error bars indicate LSD's at each sampling time (P < 0.05) 
Thus factors apart from urea hydrolysis must have had an influence on the amount of NH3 
volatilised. The present study was held under environmental conditions that were conducive 
to high NH3 losses. Conditions such as absence of vegetative cover (Oberle and Bundy, 
1987; Black et aI., 1989), high ambient temperatures (Ernst and Massey, 1960), rapid soil 
drying from soils at high initial moisture content (field capacity) (Kresge and Satchell, 1960; 
Burch and Fox, 1989) and continuous air flow (Black et al., 1985a) all tend to promote high 
volatilisation losses and prevailed in the present investigation. Under such conditions, mass 
flow of soil solution may have resulted in transportation of hydrolysed amrnoniacal-N to the 
soil surface and subsequent loss of NH3 through evaporation and volatilisation (Einst and 
Massey, 1960; Ellington, 1986). 
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4.3.3.2 Nitrate-N 
Apart from NH3 volatilisation, the other factors which may have contributed to the decline in 
microsite ammoniacal-N from day 2 are: nitrification, denitrification, NH/ fixation, plant 
uptake and immobilisation. Nitrate levels did not change significantly throughout the 4 day 
sampling period in any of the soils (Appendix 3). It was suspected that the conditions which 
prevailed over the mineral-N sampling period such as very high localised concentrations of 
ammoniacal-N coupled with rapid soil drying, restricted the nitrification process. This is 
consistent with the findings of Rajaratnam (1966) and Singh and Beauchamp (1988) who 
reported that high microsite ammoniacal concentrations may cause low nitrification rates 
following the application of urea. 
It is also possible that the 4 day sampling period was not sufficiently long to detect the effects 
of nitrification. Several workers have reported that virtually no nitrification was detected 
within the first 7 days following urea application and that this was due to an apparent lag 
phase associated with this process (Fleisher and Hagin, 1981; Sherlock and Goh, 1984; Singh 
and Beauchamp, 1986 and 1988; De Boer et aZ., 1989; Clay et aZ., 1990) (also see 
Section 2.5.7.1). 
4.3.4 Changes in soil microsite pH 
Changes in microsite soil pH following urea application are shown in Figure 4.8. All the soils 
except Patumahoe reached a pH greater than 8.5 by day 2. The pH of the Patumahoe soil 
remained well below 8.5 over the entire experimental period. The rapid inhibition of urea 
hydrolysis and low ammoniacal-N accumulation may have been one of the reasons for this. 
However, the ammoniacal-N accumulation 1 day following urea application waS comparable 
for the Patumahoe and Kairanga soils (Figure 4.6) at which time the pH values of these soils 
were 7.34 and 8.50 respectively. The lower initial pH of the Patumahoe soil (Figure 4.8) and 
its much higher buffering capacity compared with all the other soils (Section 4.3.1) must 
have contributed to the lower induced pH's reached and ultimately to the lower NH310sses 
sustained. 
The alkalinity build-up in the Templeton, Kaharoa and Kokotau soils was, however, very 
rapid reaching pH 8.0 within one day. This is because the hydrolysis rate (Figure 4.5) and the 
subsequent ammoniacal-N accumulation (Figure 4.6) were more rapid in these soils. As a 
consequence these soils lost a substantial proportion of the applied-N over the initial stages 
of the experiment (Table 4.3). Black et aZ. (1989) reported that the maximumNH3 flux from 
the Templeton soil occurred when the pH reached 8.5 and that this usually happened within 
3-4 days following the application of urea. IIi the present study the Templeton soil reached 
pH 8.92 within 2 days. When the soil pH value fell below 8.5 (Figure 4.8), the cumulative 
NH310ss rate also appeared to drop rapidly (Figure 4.4). In general it appears that the 
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cumulative rate of volatilisation is closely related to the change in microsite pH (Figure 4.8). 
Specifically, the peak cumulative losses of NH3 for each soil were recorded when the soil pH 
reached its maximum value. The calculated cumulative loss rates from several reported 
studies showed similar relationships (e.g. Lyster et ai., 1980; Fenn et ai., 1981a; Black et ai., 
1985b, 1987a and b; Sherlock et ai., 1986; Clay et al., 1990). 
Figure 4.8 Changes In microsite soil pH against time fol/owlng 
urea application 
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However, the results from this study indicate that the microsite soil pH alone may not be a 
universal predictor of the volatilisation potential for the different soils used in the present 
study. For example, two days following urea application despite the little difference observed 
between the morning measurements of soil pH (ranging from 8.73 to 8.83) and afternoon 
measurements (from 8.33 to 8.49) (except Patumahoe), all the soils had sustained 
substantially different amounts of NH3 loss (Table 4.3). At a micro site pH within the range 
8-9, NH4 +(aq)' NH3(aq) and HC03 -(aq) must be the end products of the urea hydrolysis reaction 
(Section 2.2.1). Overrein and Moe (1967) considered that a pH value of 8.8 was close to the 
pH of a saturated solution of NH4HC03. Thus it appears that in this current study, the 
ammoniacal-N and HC03- concentrations must have reached their maximum two days 
following urea application (in the moming) and that this resulted in peak volatilisation rates 
(5-13% applied-N) on the same day for the majority of the soils studied. Despite the Kaharoa, 
Kokotau, Kairanga and Takapau soils having reached their maximum pH value at the same 
time, these soils appeared to have different volatilisation potentials. 
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Microsite soil pH measured early in the day for a given soil, is always higher than that 
measured later that same day. This appears to indicate the accumulation ofNH3(aq) that 
occurs during the previous night and the potential NH310ss for that day. Black et al. (1989) 
speculated that NH3(aq) accumulates overnight due to low night temperatures and this may be 
the cause for the subsequent maximum daily NH3 loss occurring slightly before the 
atmospheric temperature reaches a maximum. ill Figure 4.2 the day time soil temperature 
begins to rise between 0700 and 0800 hours and reaches a maximum by 1400 hours. The pH 
measurements in the present study were made between 0800-0900 hours and 1500-
1600 hours. Figure 4.8 clearly demonstrates that between 3 and 5 days following urea 
application the overnight NH3(aq) accumulation must have caused the morning pH values to 
be higher than those measured in the afternoon. It is plausible that such an overnight 
accumulation of NH3(aq) might provide a micro-environment conducive to soil chemical 
reactions such as enhanced NH3 or NH/ fixation, protonation of NH3 (H+ buffering), cation 
exchange etc. Such phenomena are absent in laboratory incubation studies of volatilisation 
since the temperature is usually maintained at a constant level throughout the study period 
and this could account for the often higher NH3 losses measured under laboratory conditions 
compared to losses measured in the field .. 
4.3.5 Nitrogen balance 
Figures 4.9a, b, c and d show the amount of N recovered in each form on each of the 4 days 
following urea application and indicate the rates of transformation from one form to another 
for each soil. The standard error (SE) for recovery of applied-N was calculated according to 
an error structure proposed by Snedecor and Cochran (1967) which was later cited by Legg 
and Meisinger (1982) and Saffigna (1988). The high SE associated with the Kaharoa soil on 
day 1 was due to urea having remained unhydrolysed on one of the three soil cores analysed 
(6% urea-N hydrolysed in contrast to the other two cores with 54 and 55% hydrolysis). 
Generally, for all soils the amount of N unaccounted for increased with time following urea 
application. Exceptions to this were the Takapau and Patumahoe soils. 
Immobilisation (Black et al., 1985a; Stevens et al., 1989) biological or chemical 
denitrification (Soulides and Clark, 1958; Chalk and Smith, 1983), and NH3 or NH/ flXation 
(Bundy and Bremner, 1974) have often been cited as possible causes for the poor N recovery 
from surface-applied urea. In the present study, plant uptake would not have been a possible 
pathway because vegetation was removed prior to urea application. Some studies of surface-
applied urea in the field have shown 11 % of the applied-N to be immobilised within 3 days 
(Keeney and MacGregor, 1978) and 15% within 5 days (Nannipieri et 0,1., 1990).\A 
laboratory immobilisation study on applied urea reported by Okereke and Memts (1985) 
showed that organic soils immobilised 10 and 26% of the applied-N whilst mineral soils 
immobilised only 3 and 6% of the applied-N in 12 hours and 4 days respectively. Therefore 
immobilisation may have partially or entirely caused the N deficit observed on the mineral 
Figure 4.9 Apparent recovery of applied urea in different N forms 
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soils studied in the present investigation. However, it is difficult to be conclusive since in the 
present study the soil surface dried very rapidly and the extent of microbial activity during 
rapid soil drying is unknown. The use of 15N -urea in future studies should help in detecting 
any such short-term immobilisation. 
Jordan (1989) reported that rapid drying can substantially reduce the biological 
denitrification potential of soils so it is unlikely that the N deficit observed in the present 
study was caused by biological denitrification. An accumulation of N02 --N is often 
considered as an index for potential chemodenitrification (Bundy and Bremner, 1974). 
Generally, low soil pH and high organic matter content are believed to be associated with 
such an accumulation and the subsequent decomposition into N gases (Smith and Chalk, 
1983). Nitrite-N was not measured separately in the present study and thus it is not known 
whether such accumulation actually occurred. Nevertheless, there is no evidence in the 
literature to show that short-term chemodenitrification losses occur from surface-applied 
urea. Several workers have failed to detect any significant quantity of N02--N (pang et al., 
1973; De Boer et al., 1989; Singh and Beauchamp, 1988 and 1989) or gaseous loss ofN2, 
N20, NO or CH30NO (Christianson et ai., 1979; Magalhaes et ai., 1987) within 7-14 days 
following urea application. Moreover, accumulation of NO£ -N is only possible when NH/-
N is oxidised to N02--N by NH/oxidisers. The conditions of high soil surface temperature 
associated with rapid soil drying may not have been favourable for such microbial activity 
during the present study. It must also be emphasised that the short-term sampling period 
employed (1-4 days) may not have been sufficient to detect any post-hydrolysis urea-N 
transformations. Future studies should extend this period to at least 2 weeks. 
There is evidence to suggest that NH3 (and/or NH/) can be chemically sorbed and fixed by "-
organic matter (Young, 1964) and clay (Nommik and Vahtras, 1982) or by the sand and silt 
fraction (Tomar and Soper, 1981). However, rapid short-term NH/fixation depends on the 
hydrolysis rate of urea (Wickramasinghe et ai., 1985) and soil drying (Nommik and Vahtras, 
1982). Numerous reports have shown that during soil drying clay minerals can fix 
considerable amounts of NH/-N in the lattices (Mortland, 1958; Nommik and Vahtras, 
1982). The soils that hydrolysed the majority of urea such as the Templeton, Kokotau and 
Kairanga silt loams and Kaharoa sand had relatively high amounts of applied-N unaccounted 
for (16, 21, 24 and 18% applied-N respectively) and soils with low urea decomposition rates 
such as the Takapau and Patumahoe soils had low unaccounted N values (7 and 9% 
respectively, Figure 4.9d). While NH/ fixation was not measured during this study it may 
have occurred under the adverse conditions encountered and may have contributed to the 
unaccounted-N for most of the soils. 
4.3.6 Relationships between cumulative NH310sses and soil characteristics 
. Correlation tests performed between the cumulative NH310ss over 7 and 23 days and soil 
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characteristics are shown in Table 4.4. Soil pH, available soil Mg2+, H+ buffer capacity and 
microsite soil pH obtained 8 hours following urea application (from hereon referred to as 
initial microsite pH) were all significantly related to the 7 and 23 day cumulative NH3losses. 
From here onwards only the relationship between the 7 day NH3 loss and soil properties will 
be considered since the NH3 losses sustained after 7 and 23 days are strongly related as 
shown by the following equation; 
NH3loss (7 days) = (0.97 x NH3loss for 23 days) - 4.18 (R2 = 99.2%) [4.1] 
and most of the NH3 loss occurred by day 7 (Table 4.3). Several previous studies have also 
demonstrated that the majority of NH3 is volatilised within the first week following urea 
application (Black et al., 1985a, 1987a and 1989; Fenn and Rossner, 1985). 
Table 4.4 Correlation coefficients for the relationship 
between the cumulative NH3 loss and various soil 
characteristics 
Soil characteristics Cumulative NH3 loss 
7 days 23 days 
Sand content (%) 0.73 0.77 
Silt content (%) -0.64 -0.61 
Clay content (%) -0.37 -0.45 
Initial (native) soil pH 0.89 * 0.90* 
Organic-C content (%) -0.25 -0.19 
Total-N content (%) -0.33 -0.27 
Buffered CEC -0.13 -0.05 
KCl hydrolysable-N -0.27 -0.20 
Mineralisable-N -0.03 0.02 
Urease activity (lab.) 0.45 0.50 
Hydrolysis rate (field) 0.46 0.40 
Ca2+ 0.67 0.72 
Mg2+ 0.82 * 0.86 * 
H+ buffer capacity 
-0.95 ** -0.95 ** 
Initial micro site pH 0.97 ** 0.95 ** 
Microsite pH maximum 0.81 * 0.80 
Tmax -0.38 -0.35 
Values between 0.81 and 0.92 are significant at P ~ 0.05 level and 
above 0.92 are sigIiificant at P ~ O.Ollevel. 
Numerous reports have shown that soils with high initial (native) pH values appear to sustain 
high NH3 losses from surface-applied urea (Lyster et ai., 1980; Magalhaes et al., 1987; 
Beyrouty et al., 1988b; O'Toole and Morgan, 1988). Some acid soils also have high 
volatilisation potentials and are capable of producing significant NH310sses from surface-
applied urea (Craig and Wollum, 1982; Fenn and Richards, 1986; Ellington, 1986). In the 
present study, initial soil pH values ranged from 5.37 to 7.08 (Table 4.2). An incubation 
study by Reynolds and Wolf (1987b) has shown that initial pH had no effect on NH3loss. 
Specifically it was shown that initial soil pH had minimal effect on NH3 loss for the soils 
. with low H+ buffer capacities and soils with low initial pH coupled with high H+ buffer 
capacity sustained low NH3 losses. In the current study the soils with a low initial pH also 
had a high H+ buffer capacity (r = 0.85; P s 0.05) (Appendix 2) indicating that buffer 
capacity may have influenced the volatilisation potential of the soils tested. 
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There have been several claims that cumulative NH310ss is related to the maximum soil pH 
(microsite pH) achieved after urea application (Lyster et aZ., 1980; Fenn et al., 1981a; Black 
et aZ., 1985b and 1987a and b; Sherlock et aZ., 1986; Clay et aZ., 1990). The results of the 
present study show that the majority of the soils achieved maximum microsite pH values 
within 2-3 days of urea application (Figure 4.8) and that the NH310ss after 7 days was related 
to the microsite pH maxima (r = 0.81; P s 0.05) (Figure 4.10). 
Figure 4.10 RelationshIp between cumulative ammonia loss (7 days) 
and microslte pH maxima 
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However, it was observed that the Patumahoe soil value was an outlier in the overall 
relationship and having removed the Patumahoe soil values, the correlation coefficient was 
reduced to -0.01. This is not surprising considering the LSD value of 0.49 for the microsite 
pH values obtained at these sampling times (Figure 4.8). The Patumahoe soil had a pH of 
7.94 whereas all the other soils had similar maximum pH values (8.73-8.83). This 
89 
observation shows that the correlation analyses reported could be misleading if examined in 
isolation without fIrst viewing a scatter diagram showing the relationship between every 
independent and dependent variable tested. 
Recently Whitehead and Raistrick (1990), in an incubation study, demonstrated that the NH3 
loss sustained from four different soils within the first 8 day period was exponentially related 
to the pH attained 24 hours after application of N fertilisers, such as urea, MAP 
(monoammonium phosphate), DAP (diammonium phosphate), (NI4hS04 and NH4N03, 
(where pH accounted for 85% of the variance in the extent of NH310ss). They actually 
studied five soils and since one soil type (PH = 3.7) did not volatilise any significant amount 
of NH3, this soil was eliminated from the regression analysis. The present study showed that 
the microsite pH measured 1 day following urea application was significantly correlated to 
the 7 day NH3 loss (r = 0.89; P ~ 0.05) and when the Patumahoe soil was omitted a poor 
relationship resulted (r = 0.65). It must be emphasised here that the relationship obtained by 
Whitehead and Raistrick (1990) was for all the N fertilisers studied and when the relationship 
was examined for urea alone it was not signifIcant. In this current study the micro site pH 
obtained about 8 hours after urea application was better related to the 7 day cumulative NH3 
loss (r = 0.97; P ~ 0.01) than any other micro site pH values (Figure 4.11). 
Figure 4.11 Relationship between cumulative ammonia loss (7 days) 
and initial microsite pH (8 hours) 
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When the Patumahoe value was omitted the relationship remained signifIcant (r = 0.89; 
p ~ 0.05). The following equation was obtained when a stepwise multiple linear regression 
analysis was perfonned on all the soil properties in relation to cumulative 7 day NH310ss: 
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NH310ss (7 days) = -87.6 + 13.2 initial microsite pH + 2.2 Mg2+ + 0.2 sand -0.2 
Ca2+ (R2 = 99.9%) . [4.2] 
where micro site pH values obtained 8 hours after urea application, Mi+, % sand and Ca2+ 
each accounts for 93.2,5.2, 1.3 and 0.3% of the variance respectively. However, considering 
the narrow range of Mi+ levels found in the soils studied (4-8meq kg-l; LSD = 4), the 
contribution of Mg2+ to NH3 loss should be minimal. On the other hand, the initial micro site 
pH values were highly correlated with the H+ buffer capacity of the soils (r = -0.94; 
p ~ 0.01). This indicates that the alkalinity build-up during urea decomposition may be 
greatly influenced by the H+ buffer capacity of the soils. 
The strong negative relationship obtained between the amount of NH3 loss and the H+ buffer 
capacity of the soils studied (after 2 hours equilibration) (r = -0.95; P ~ 0.01) (Table 4.4 and 
Figure 4. 12a) is stronger than that obtained from incubation studies reported by Reynolds and 
Wolf (1987b) (r = -0.80); Martens and Bremner (1989) (r = -0.41); and Stevens et al. (1989) 
(r = 0.81). Since this current relationship was established using field NH3 volatilisation loss 
values it is likely to be more applicable than those obtained using NH3 loss values obtained 
in the laboratory. When buffer capacity values obtained after 5 days of equilibration with 
N aOH were used, the relationship between NH3 loss and buffer capacity was improved 
further (r = -0.98; P ~ 0.01) (Figure 4. 12b). Surface application of urea super granules or a 
high rate of urea application may result in soil alkalinity that could last for more than 2 weeks 
(Black et al., 1987a). In such cases it may be more appropriate to consider the long-term H+ 
buffering capacity of soil (e.g. 5 day equilibration values) as shown in Figure 4.1b. 
Hydrogen ion buffer capacity is often referred to as titratable acidity (Izaurralde et al., 1987; 
Stevens et al., 1989) and it is believed that there is a relationship between buffered CEC and 
H+ buffer capacity (Curtin et al., 1987). A series of incubation studies performed on some 
Irish soils showed that NH3 volatilisation from urea was minimal on soils with buffered CEC 
values (PH 8.5) > 250-260 meq kg-1 soil (O'Toole et al., 1985a; O'Toole and Morgan, 1988). 
However, buffered CEC values (PH 8.5) obtained in the present study showed no such 
relationship. For example, despite the similarity in buffered CEC values (287-289 meq kg-l), 
the Templeton silt loam sustained about 10 times the NH3 loss of the Patumahoe clay loam. 
O'Toole et al. (1985b) explained that whilst soil organic matter content contributes to the 
buffered CEC in pasture soils, clay content influences it to a greater extent in cultivated soils. 
The majority of the soils in the present study were pasture soils and buffered CEC was highly 
related to organic-C (r = 0.97; P ~ 0.01) and total-N (r = 0.97; P ~ 0.01) (Appendix 2). 
Izaurralde et al. (1987) reported that the effective CEC of a soil was a poor predictor of NH3 
retention because many cation exchange sites do not participate in the soil's capacity to 
adsorb ammonia. Titratable acidity is, however, not only a measure of the available exchange 
capacity of a soil but more importantly, it is a measure of the ability of the soil to supply 
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protons. As already discussed in Sections 2.5.3 and 2.5.4, protonation ofNH3 evolved from 
urea appears to be a much better mechanism to reduce the volatilisation potential than simply 
adsorption of ammonia. The present study demonstrates that the protonation of NH3(aq) may 
be more effective at reducing volatilisation than NH3 adsorption under the adverse 
environmental conditions which occurred during this study. The reason being that 
protonation of NH3(aq) released from urya is a much faster process than that of adsorption 
because NH3(aq) should be protonated to form NH/(aq) to be adsorbed on to the exchange 
site. 
The following stepwise multiple linear regression analysis reveals the dominant role of H+ 
buffer capacity over urease activity on NH3 volatilisation loss from surface-applied urea in 
the soils studied here: 
NH3loss (7 days) = 39 -0.6 HBC (2 h) + 0.08 urease activity (R2 = 96.3%) 
where W buffer capacity after a 2 hour equilibration and urease activity (assayed in the 
laboratory) account for 90.9 and 5.4% of the variance respectively. 
[4.3] 
The correlation tests performed on the total gravimetric soil moisture loss for 4 days, urea 
hydrolysis rate (measured in the field) and 7 day cumulative NH310ss showed that moisture 
loss did not have any effect on either urea hydrolysis rate or NH3loss (r = -0.43 and 0.19 
respectively). However, the amount of urea unhydrolysed at the end of the mineral-N 
sampling period (day 4) was highly and negatively correlated to the NH3loss sustained over 
7 days (r = -0.94; P ~ 0.01). It seems plausible that the soil drying did not affect the urea 
hydrolysis rate of those soils with high urease activity. For example the Kaharoa sand lost 
62% of its initial moisture by day 4. Despite such rapid moisture loss urea hydrolysis was 
93% complete at the end of the 4 day sampling period (Figure 4.9d). In contrast, although the 
Takapau soil also had a high urease activity (Table 4.2), because of a slower urea dissolution 
rate and steady soil drying throughout the sampling period, only 60% of the applied urea was 
able to hydrolyse over the same 4 day period. This observation shows that under drying 
conditions the rate of dissolution is also as important as hydrolysis rate in determining the 
potential for NH3 loss from broadcast urea granules. 
Stevens et al. (1989) found that for soils incubated with urea, the time needed to achieve 
maximum NH3loss (Tmax) was highly correlated to the soil urease activity. They reported 
that the higher the urease activity the shorter the time period required to achieve the peak 
NH3 loss. Those soils were incubated at 10 0 C and thus the hydrolysis rate must have been 
slow which in tum resulted in peak NH3 loss occurring at different time interv'als. In the 
present study, however, temperature was notrate limiting and thus despite a wide range of 
urease activity displayed, the loss peaks were generally achieved within 2 days of urea 
application (Figure 4.4). When the scatter diagram for the relationship between NH310ss and 
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urease activity was obtained it revealed that the Takapau and Patumahoe soil values were 
outliers. When these values were removed, the r value for the relationship between NH3loss 
and urease activity improved (r = 0.97; P :S 0.05) suggesting that urease activity may also 
have influenced the cumulative NH3 loss for the Templeton, Kaharoa, Kokotau and Kairanga 
soils. It can be seen that among the three soils that dried rapidly on day 1, the Takapau and 
Patumahoe soils continued to lose moisture whilst the Kaharoa soil sustained little further 
moisture loss after day 1 (Figure 4.7). Such analysis of the data is very important to isolate 
the factors affecting volatilisation potentials of soils experiencing less than optimal 
environmental conditions. 
When further analyses of scatter diagrams were made for the relationship between NH3loss 
and other soil properties, it became clear that factors such as buffered CEC, organic-C and 
the total-N content and the KCl hydrolysable- and anaerobically mineralisable-N had no 
direct influence on the volatilisation potential of the soils studied. However, soil particle size 
distribution did appear to influence the NH3 loss. While sand content appeared to have 
increased' the volatilisation potential, silt and clay both had a negative effect. Several reports 
exist which show the effect of sand on enhancing NH310ss (Connel et al., 1979; O'Toole and 
Morgan ,1988; Martens and Bremner, 1989) and the suppressing effects of silt (Tomar and 
Soper, 1981) and clay (Buresh, 1987; Reynolds and Wolf, 1987b) on the volatilisation 
potential of soils which received surface-applied urea. However, in the present study, since 
the stepwise multiple linear regression analysis identified H+ buffer capacity (obtained after 
5 day equilibration) as the single soil property most highly correlated with 7 day NH310ss 
accounting for 96.2% of the variance, the direct influence of other soil properties on NH3loss 
from broadcast urea are considered to be minimal. This relationship is given by the following 
equation: 
NH310ss (7 days) = 46.5 - 0.53 HBC (R2 = 96.2%) [4.4] 
4.4 CONCLUSIONS 
The present study demonstrated that under rapid soil drying conditions urea hydrolysis can be 
inhibited substantially in certain soils (e.g. the Takapau and Patumahoe). The coupling of 
rapid soil drying with either a slow urea granule dissolution rate (Takapau soil) or a low 
urease activity (Patumahoe soil) could lead to substantial inhibition of urea hydrolysis. On 
the other hand, rapid soil drying alone was not able to inhibit urea hydrolysis when both the 
urea dissolution rate and urease activity of the soil were high (Kaharoa soil). 
Most of the soil properties which have been reported to influence the NH3 loss, such as 
buffered CEC, and clay, organic-C and total-N content may be considered as minor factors 
influencing volatilisation potential of soils under warm, drying conditions. The protonation of 
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NH3(aq) released fromurea appears to be the most effective process under these conditions for 
reducing NH3 volatilisation. Consequently, soils with high H+ buffer capacities volatilised 
relatively smaller amounts of NH3 from surface-applied urea. These same soils also showed a 
higher initial resistance to the increase in microsite alkalinity following urea application. This 
was evident by the strong, negative relationship obtained between the initial micro site pH 
values (8 hours) and total NH3 loss. In contrast, the narrow range of micro site pH maxima 
did not appear to relate to the wide range of volatilisation losses because the majority of the 
soils (except Patumahoe) reached a pH level (8.8) similar to that of a saturated solution of 
NH4HC03 at the peak soil micro site alkalinity. It was shown that for the soils studied the 
microsite pH maxima cannot be used as a universal predictor for NH3 volatilisation potential. 
It was suspected that under drying conditions there may have been some chemical and 
biological fixation of NH3 released from urea. These processes may have contributed to a 
high proportion of the applied-N unaccounted for in the present study. The use of 15N-urea in 
future studies is suggested in order to investigate the immobilisation of applied-No It is also 
concluded that the sampling period for urea-N transformation studies should be extended to 
at least 2 weeks following urea application. The sampling period employed in the current 
study (1-4 days) was considered insufficient to detect any long-term transformations of the 
applied N fertiliser. 
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CHAPTERS 
AMMONIA VOLATILISATION POTENTIALS OF SOME SOUTH ISLAND 
SOILS BROADCAST WITH UREA GRANULES UNDER 
SLOW-DRYING CONDITIONS 
5.1 INTRODUCTION 
Studies in Chapter 4 showed that rapid soil drying conditions can inhibit urea hydrolysis in a 
range of soils and under these conditions protonation o( NH3(aq) released from urea appeared 
to be the most effective process in lowering the potential of these soils to volatilise ammonia. 
However, it is known that when urea hydrolysis is not inhibited the potential for NH310ss 
from urea fertiliser is enhanced (penn and Hossner, 1985). Urea hydrolysis is not inhibited 
when soil contains sufficient moisture (Bremner and Mulvaney, 1978). Thus the primary aim 
of the study described in this chapter was to investigate the factors influencing the 
volatilisation potential of moist soils under slow-drying field conditions. Two experiments 
were performed. A preliminary experiment examined a modification of the enclosure system 
used previously (Chapter 4) to reduce soil drying. The major experiment was then conducted 
to measure NH3 losses from urea broadcast on to selected South Island soils. 
The second objective of the study described here was to monitor the transformations of 
surface-applied 15N-urea granules; especially immobilisation. This approach in association 
with the non-tracer N recovery method used in Chapter 4 would enable a better 
understanding of the influence of short-term urea-N transformation processes on the NH3 
volatilisation potential of soils. 
5.2 EXPERIMENT 1: THE EFFECT OF SHADING ON SOIL MOISTURE 
RETENTION AND NH3 LOSS FROM BROADCAST UREA 
5.2.1 Materials and methods 
General details of the materials and methods used in this and the following experiment are 
given in Chapter 3. Eight enclosures were prepared with lids lined with aluminium foil in 
order to shade the soils from sunlight. Another eight enclosures were prepared with standard 
transparent 'Perspex' lids only. The enclosures contained undisturbed Templeton silt loam 
soil blocks obtained from the experimental site. Four shaded and four unshaded enclosures 
were treated with urea granules. The other four enclosures in each treatment were used as 
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controls. Urea was applied at a rate of 100 kg N ha-1 on March 14, 1989 at 0700 hours. The 
ammonia traps were changed twice daily for the 7 days following urea application. 
Thennister probes were installed in shaded and unshaded soils at approximately 2 mm depth. 
5.2.2 Results and discussion 
. Table 5.1 Effect of shading on cumulative NH310sses (% applied-N) 
Treabnents 
1 
With shade 6.2 
Without shade 12.3 
LSD (P ~ 0.05) 3.1 
Days following the application of urea 
23456 
23.5 30.1 32.9 35.2 36.9 
33.7 38.6 40.3 42.1 43.5 
3.3 3.0 2.9 2.8 2.9 
7 
37.7 
44.0 
2.9 
The cumulative NH3 loss sustained after 7 days was significantly higher without shading 
(44.0% applied-N) than that with shading (37.7% applied-N) (Table 5.1). A field trial by 
Acquaye and Cunningham (1965) showed that surface-applied urea sustained 19.9 and 30.7% 
NH310ss from shaded and unshaded soils respectively. This represents about a 35% 
reduction in loss under shaded conditions. These workers suggested that the higher 
temperatures experienced under direct light may have caused the higher NH3 loss. In the 
present study this reduction was 14%. This difference in NH310ss after 7 days 
(approximately 6% of the applied-N) was already apparent during the initial stage of the 
volatilisation process (1 to 2 days). Soil without shading must have experienced a greater 
urea hydrolysis rate which resulted in a higher initial NH310ss. It is well established' that the 
rate of urea hydrolysis in soil increases with increasing temperature between 10 and 60 0 C 
(Gould et al., 1973; Dalal, 1975; Bremner and Mulvaney, 1978). In the 2 days following urea 
application, the mean temperature of the unshaded treatment exceeded that of the shaded 
treatment by 4-5 0 C (Figure 5.1). It is noteworthy that although the shaded treatment received 
no direct solar radi.ation, marked diurnal temperature fluctuations still occurred in the shaded 
soil. Temperature driven fluctuations in diurnal NH3 loss rates were observed in the latter 
stages of the volatilisation event (3-7 days after urea application) (Figure 5.2). However, 
during urea hydrolysis (0-2 days after urea application) NH3 fluxes increased and appeared 
largely unaffected by diurnal temperature changes. This same effect was observed in the 
previous experiment (Figure 4.3). 
The previous experiment (Chapter 4) also showed that the volatilisation potential'of a soil is 
often apparent early in the volatilisation process due to the the rapid accumulation of 
ammoniacal-N during urea hydrolysis. Durin'g urea hydrolysis the NH3 10ss process depends 
more on the soil factors affecting the NH3(aq) + H+(aq) <* NH/(aq) equilibrium rather than the 
soil temperature (Section 4.3.2). 
Figure 5.1 Effect of shading on diumal soil temperature variations 
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Table 5.2 Effect of shading on soil moisture content 
(g H20 kg-1 dry soil) at the start and the finish of the 
experiment 
Day 0 (,field capacity') 
Day 7 with shading 
Day 7 without shading 
LSD (P :s: 0.05) 
354 
264 
126 
19 
As expected, soil moisture loss was more pronounced without shading than with shading 
(Table 5.2). Without shading about 65% of the initial soil moisture content was lost after 
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7 days whilst shaded soils lost only 25% during the same period. Daily visual observations of 
the soil surfaces revealed that unshaded soils showed signs of surface drying after 4 days 
whilst shaded soils appeared to remain moist throughout the study. Despite the greater 
amount of drying in soil without shading the final NH3 losses sustained from shaded and 
unshaded soils did not differ greatly. If the NH3 losses had been predominantly caused by 
evaporation losses (see Section 2.4.1.3) the unshaded soil might be expected to have 
sustained substantial NH3 losses throughout the entire experimental period but this did not 
occur. The shaded soils sustained about 38% of their total cumulative NH310ss from the 3rd 
day following urea application whilst their unshaded counterparts lost only 23% (calculated 
values from Table 5.1) within the same time period. 
The present experiment has shown that by providing shade, a substantial quantity of the 
initial soil moisture content can be retained for a considerable period of time. Retaining the 
majority of the initial soil moisture during the experimental period is advantageous in 
assessing the optimum volatilisation potential of soils since several biological and chemical 
transformation processes of the applied urea-N can be inhibited when a rapid loss of soil 
moisture occurs (see Section 2.4.1.3). The method used here is likely to have a smaller effect 
on experimental conditions compared with rewetting of the soil (Martin and Chapman, 1951; 
Connel et al., 1979). 
5.3 EXPERIMENT 2: FACTORS INFLUENCING THE VOLATILISATION 
POTENTIALS OF SOILS UNDER SLOW-DRYING CONDITION 
5.3.1 Materials and methods 
5.3.1.1 Urea granule preparation 
Urea granules used in this experiment for both the volatilisation and microsite pH studies 
were made from analytical grade unlabelled urea crystals. Urea crystals enriched with 
5 atom % 15N were used in the urea-N transformation study. Granules were hand-made by 
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wetting the crystals and shaking in an orbital motion in a plastic tumbler. Dry crystals were 
added if necessary to obtain the required consistency. Moist granules were then passed 
through a bank of sieves and the 2-3 mm sized granules collected. These were dried initially 
at room temperature for 24 hours and then at 105 0 C for 30 minutes. The dried granules were 
sieved again and stored in plastic vials in a desiccator. 
5.3.1.2 Soil selection and preparation 
Undisturbed soil blocks were collected from the North Canterbury region of the South Island 
and from Pukekohe in the North Island. The main criterion for selection was to obtain a set of 
soils which exhibited a wide range of soil chemical and physical properties. The Patumahoe 
soil from Pukekohe was included because it had suffered severe drying in an earlier 
experiment which limited its potential to volatilise NH3 (Chapter 4). Table 5.3 gives a 
description of the North Canterbury soils while the Templeton soil (from the experimental 
site) and the Patumahoe soil (from Pukekohe) are described elsewhere (Table 4.1). The 
Patumahoe soil blocks used for this experiment were intact and had a good clover vegetative 
cover in contrast to the blocks used in a previous experiment (Chapter 4). The vegetative 
cover was removed from all of the soil blocks except for selected blocks of the Templeton 
soil; these were used to compare the NH3 loss with their bare counterparts. 
Table 5.3 Soil descriptions 
Soli type Onepunga Waikari Cookson 
sandy loam clay loam hill soils 
District North North North 
Canterbury Canterbury Canterbury 
Site location Doctors hills Waikari basin 4kmNMt. 
Cookson 
Classlflcatlon Yellow-grey! Rendzina Brown granular 
yellow-brown clay 
earth intergrade 
Parent materIal siliceous argillaceous basalt, basic 
sand stone limestone greywacke and 
some limestone 
Topography rolling rolling moderately steep 
Paddock sheep pasture sheep pasture silver tussock 
history silver tussock with ryegrass 
and beach and clover 
Fertiliser or Nil Nil Nil 
soli amendment 
Urea granules were broadcast evenly on to the soils at 0700 hours on 6 September, 1989 at 
the rate of 100 kg N ha-1. Four blocks of each soil were used for NH3 gas measurements and 
one was used for monitoring changes in micro site pH to which unlabelled hand-made 
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granules were added. Hand-made 15N -urea granules were used on the soil micro-cores 
(Section 3.5) to measure changes in urea-N, ammoniacal-N, NOg--N and immobilised-N. 
Four enclosures containing bare Templeton soil were used as untreated controls to measure 
ambient NHg(g) concentrations. All the enclosures were protected from sunlight by lining the 
exterior of the lids with aluminium foil. Thermistor probes were inserted at approximately 
2 mm soil depth inside and outside a bare soil enclosure containing Templeton soil. 
5.3.1.3 Measurement of changes in soil microsite pH 
Microsite pH was measured by the method described previously (Section 3.4). The pH 
readings were obtained between 1500 and 1600 hours on the day of urea application and once 
daily thereafter for the next 7 days at between 0800 and 0900 hours. 
5.3.1.4 Ammonia gas sampling 
Ammonia gas sampling was perlormed half-daily for the first 7 days and on a daily basis 
thereafter until 14 days after urea application (Section 3.3). Traps were changed at 0700 and 
1900 hours during the first 7 days and at 0700 hours thereafter. 
5.3.1.5 Measurement of changes in urea-N, ammoniacal-N, nitrate-N, immobilised-N 
and subsurface-N 
Fertiliser placement, soil core preparation and soil sample collection were carried out 
according to the methods described elsewhere (Sections 3.2 and 3.5). Three soil cores 
(5 cm height x 4.75 cm diameter) were collected from each soil type 1,3,6 and 14 days 
following urea application. The extraction procedure (Section 3.5) was modified to separate 
and distinguish between mineral-N and immobilised-N. Initially, 2 cm depth soil cores were 
placed in 150 mL 2 M KCl/PMA solution and extracted on a shaker for 1 hour. These were 
then centrifuged at 2000 rpm for 10 min to obtain a clear supernatant solution which was 
decanted into a 150 mL leaching tube equipped with a plug of cotton wool at the outlet. The 
solution was then passed through a Whatman No. 42 filter paper and collected in a 100 mL 
plastic bottle and stored until analysis at 4 0 C in a refrigerator. Urea-N, ammoniacal-N and 
NOg--N were measured calorimetrically using an autoanalyser (Section 3.5). 
The soil residue left in the extraction bottle was treated with a further 150 mL 2 M KCl/PMA 
solution, shaken by hand, centrifuged, and the supernatant solution passed through the 
leaching tube and discarded. This process was repeated using 200 mL H20 instead of the 2 M 
KCl/PMA solution. The soil slurry was then washed into a plastic tumbler using 50 mL 
100% ethanol and freeze dried for 48 hours. It was later found that drying under the forced 
draft of an electric fan was more rapid. More than half of the alcohol washed soil samples 
were dried using an electric fan. The dried soil was crushed, finely ground to pass through a 
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150 JLm (100 mesh) sieve and stored in plastic containers. The total-N and 15N atom percent 
were measured using an automated Dumas combustion unit connected to a mass spectrometer 
(Tracermass-Europa Scientific, U.K.) using the method described by Grewal et at. (1991). 
According to this method about 10 mg of soil sample was weighed accurately in tin capsules 
and dropped into a heated silica combustion tube (1000 ~ C) containing Cr20 3 granules as an 
oxidation catalyst. The combustion was carried out under a pulse of pure O2 introduced into a 
continuous flow of He gas. The combustion products were then passed through a heated 
(600 0 C) reduction furnace containing copper wire in which NO and N02 were reduced to N2 
which in turn was separated on a chromatographic column. Atom % 15N and total-N content 
(%) were determined using the Tracermass, mass spectrometer. 
The amount of fertiliser-N immobilised (I) was calculated from: 
1= (8 x N/100)[(a - b)/(c - b)] [5.1] 
where I is immobilised fertiliser-N (g), 8 is the mass of dry soil sample (g), N is total-N 
percentage, a is atom % 15N measured, b is 15N natural abundance atom % (0.366) and c is 
atom % 15N abundance of the fertiliser-N (Barraclough et at., 1984). 
The proportion of urea-N which became immobilised (Ui) (%) is calculated from: 
[5.2] 
where Uo is the weight of urea-N applied (g). 
At the final sampling, 14 days following urea application, subsurface cores (2-4 cm depth) 
were retained and stored in the freezer as a contingency to detect any possible downward 
movement of 15N-urea. These cores were air-dried and finely ground to pass through a 
150 JLm sieve (100 mesh) and analysed for total-N content (%) and % 15N as described 
earlier. No attempt was made to distinguish between the various possible forms of fertiliser-
derived-N in these 'subsurface cores'. 
Changes in soil moisture and native mineral-N were measured by the methods described 
elsewhere (Section 3.5). 
5.3.2 Results and discussion 
5.3.2.1 Soil characteristics 
The soils under investigation had a range of physical, chemical and biological properties 
Table 5.4 Soil physical, chemical and biological properties 
Soil Type Sand Silt Clay pH OCa 'IN> CEC Ca2+ Mg2+ KCl-Nc Aner.-W Urea hydrolysis rate 
(%) (%) (%) (%) (%) ----(meqkg-1}-- -{~gNH/-N g-l}- Lab (Sh) Field (24h) 
(~g g-l h-1) (~g core-1 h-1) 
Templeton 41 28 31 6.27 4.26 0.31 289 45 8 23 129 202 406 
silt loam 0.01 0.23 0.02 15 0 0 0 4 3 12 
Onepunga 62 21 17 5.87 4.36 0.24 218 20 7 22 143 206 620 
sandy loam 0.01 0.33 0.03 2 0 0 0 12 3 23 
Waikari 32 28 40 6.62 4.60 0.29 381 92 11 18 109 140 442 
claylo~ 0.03 0.07 0.01 0 0 0 0 9 1 12 
Cookson 25 14 61 5.62 8.14 0.45 747 66 119 30 236 220 503 
hill soil 0.01 0.03 0.01 1 0 0 0 12 1 13 
Patumahoe 24 19 57 5.69 7.90 0.55 423 47 8 41 333 395 447 
clay loam 0.03 0.55 0.05 2 0 0 0 9 2 35 
LSD (P S 0.05) 0.42 1.27 0.41 7 2 1 1 9 4 11 
Numbers quoted in bold are standard error of mean. 
a = organic-~ (% by weight) 
b = total-N (% by weight) 
c = hydro1ysable-N at 100° C in 2 M KCl (p.g NH/ -N g-l dry soil) 
d = anerobically mineralisab1e-N (~g NH/ ~N g-l dry soil) . 
-0 tv 
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(Table 5.4): They exhibited a narrow range of pH values from 5.62 to 6.62, the lowest being 
the Cookson hill soil and the highest the Waikari calcareous soil which also had the highest 
Ca2+ content (92 meq kg-1 soil). The Cookson hill soil contained substantial amounts of 
Mg2+ (119 meq kg-1 soil) because this soil is derived from basalt. The Patumahoe clay loam 
appeared to be more biologically active than the other soils since it had the highest KCI 
hydrolysable, and anaerobically mineralisable-N (41 and 333 Ilg NH4-N g-l soil 
respectively), and urease activity (395 Ilg urea-N g-l soil h-1). Although the Patumahoe soil 
cores were collected from the same site as those described in Chapter 4 there was a 15 month 
difference between the times of collection. During this period the site had become well 
established in grass and clover and this may account for the apparently different levels of 
biological activity (Tables 5,4 and 4.2). 
In the Templeton soil all properties except urease activity were similar to those reported 
previously (Table 4.2). The urease activity measured in the previous study in the laboratory 
was much lower (80 Ilg urea-N g-l soil h-1) than that determined in the present study 
(202 Ilg urea-N g-l soil h-1). It was suspected that such a difference may be due either to 
seasonal variations in soil urease levels or to some unknown analytical error. Since several 
reports have shown that urease levels in air-dried soils are very stable upon storage (Dalal, 
1975; Zantu and Bremner, 1975b and 1977), the urease activity of air-dried soil subsamples 
from both studies were reassessed in quadruplicate. The results showed that while the 
Templeton soil used in the previous study had a urease activity of 102 Ilg urea-N g-l soil h-1 
(± 12) urease activity, the activity of the soil used in the present study was 197 Ilg urea-N 
g-l soil h-1 (± 3). This marked difference in the urease activity of the two Templeton samples 
obtained for both studies may have been caused by seasonal effects. The Templeton soil 
samples used in the previous study were collected in the summer (1988) and those of the 
present study were collected in the winter (1989). Reports available on the effect of season on 
the urease activity in soil are contradictory (Stojanovic, 1959; McGarity and Myers, 1967; 
Stott and Hagedorn, 1980; Higashida and Takao, 1985; Palma and Conti, 1990). It is 
suggested here that the low urease activity detected in the sample obtained during the 
summer (1988) could have been caused by the adverse effect of the warm weather conditions 
at the time of sampling (Section 4.3.2). The high temperatures during that period and the 
associated absence of vegetative cover probably caused a decrease in the ureolytic population 
and a general decrease in urease activity. Spier et al. (1980) have reported that an increase in 
temperature can reduce the urease activity of fallow soils. 
The H+ buffer capacities obtained after 2 hours equilibration (at pH 7.5) were 17,23, 18, 75 
and 42 [OH] mmols kg-1 soil, whilst the 5 day equilibration (at pH 7.0) gave values of 23, 40, 
28,150 and 64 [OH] mmols kg-1 soil for the Templeton, Onepunga, Waikari, Cookson and 
Patumahoe soils respectively (Figures 5.3a aild b). There was a small increase in H+ buffer 
capacity found in the Templeton soil in the present experiment compared with a previous 
study (14 [OH] mmols kg-1 soil with 2 hour equilibration) (Section 4.3.1). This difference 
Figure 5.3 Buffer curves for soils equilibrated with /OH/ solution 
(a) 2 hours equilibration (b) 5 days equilibration 
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may have been caused by the build-up of soil organic-C content (4.26%) since the previous 
experiment was conducted (4.03%) (Table 4.2). However, despite an increase in organic 
matter content the buffer capacity of the Patumahoe soil appeared to have reduced 
substantially compared with the previous experiment (66 [OH] mmols kg-1 soil with 2 hour 
equilibration) (Section 4.3.1). This may have resulted from the use of disturbed soil in the 
previous studies where the higher H+ buffer capacity might be attributable to the presence of 
greater amounts of sesquioxides in the deeper soil layers. Table 5.5 shows the quadratic 
relationship (R2 values) between H+ buffer capacity and some of the related soil properties 
for the soils used in the present experiment. 
Table 5.5 The R2 values (%) obtained for the relationship between 
H+ buffer capacity and some related soil properties 
clay (%) OC(%) CEC 
OC(%) 98.2 
CEC 79.1 79.1 
HBC (2h) 90.6 88.7 90.0 
R2 ~ 77.0% is significant at 5% level 
These findings agree with several other reports which show that clay, buffered CEC, 
organic-C and H+buffer capacity are interrelated (O'Toole et al., 1985b; Curtin et al., 1987; 
Reynolds and Wolf, 1987b). Titratable acidity is often derived from the difference between 
non-buffered (effective) and buffered CEC (Izaurralde et al., 1987 and Stevens et aI., 1989). 
The strong relationship obtained between H+ buffer capacity and buffered CEC in the current 
study conforms with the above reports and that of Curtin et al. (1987). Stepwise multiple 
linear regression analysis performed between H+ buffer capacity (2 hours equilibration) and 
organic-C and clay contents showed that 79% of the H+ buffer capacity variation was caused 
by organic-C content. 
5.3.2.2 Ammonia volatilisation losses 
After 14 days the Onepunga sandy loam had sustained the highest NH3loss (58.2% 
applied-N) whilst the Patumahoe clay loam had the lowest loss (26.5% applied-N) 
(Table 5.6). The Templeton soil with grass sustained a significantly higher NH3loss (45.8%) 
than the same soil with no grass covering (39.2%). The NH3 volatilisation rates from the 
Templeton soils were similar for the first 3 days but from the 4th day onwards the soil with 
the grass covering lost significantly more NH3 than the bare soil (Figures 5.4 and 5.5). The 
reason for this difference is not clear although possible explanations are discussed later in 
Section 5.3.2.6. 
Figure 5.4 Cumulative ammonia volatilisation rates against time 
fol/owing urea application 
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Figure 5.5 Half-daily ammonia loss agaInst tIme following urea 
application 
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Table 5.6 Cumulative NH3losses (% applied-N) 
Soil types 
Templeton 
silt loam (grass) 
Templeton 
silt loam (bare) 
Onepunga 
sandy loam 
Waikari 
clay loam 
Cookson 
hill soil 
Patumahoe 
clay loam 
LSD (P :s; 0.05) 
1 
0.7 
0.8 
. 3.0 
0.5 
0.6 
0.3 
1.2 
Days following the application of urea 
2 3 6 7 
10.6 24.7 39.2 40.6 
11.0 23.1 34.1 35.3 
29.6 43.8 52.8 53.9 
4.5 11.4 26.6 28.2 
6.4 14.8 26.9 28.0 
5.9 14.4 23.5 24.3 
2.9 3.4 3.6 3.7 
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14 
45.8 
39.2 
58.2 
32.7 
31.7 
26.5 
3.8 
The cumulative 7 day NH3 losses sustained by the shaded Templeton soil treatments in this 
experiment (September 1989) and the previous experiment (March 1989) were very similar 
(37.7 and 35.3% respectively). This is unlikely to have been coincidental but occurred due to 
the low soil temperatures experienced in both of these studies (Figures 5.1 and 5.6). 
Rgure 5.6 Hourly temperatures of the enclosed and non-enc/osed soils 
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Although all the soils studied in this experiment were shaded throughout the period, the non-
enclosed soil surface temperature remained similar to the enclosed soil because of the cloudy 
and rainy conditions experienced between 2 and 6 days following urea application 
(Figure 5.6). Note that the diurnal temperature fluctuations did not seem to affect the NH3 
loss from the majority of the soils during the initial stages of the volatilisation event 
(Figure 5.5). Despite the lower temperatures which prevailed at night (Figure 5.6), NH3 
losses which occurred during the first 2 nights were substantial. This is similar to the 
observations made in a previous study (Section 4.3.2) and Experiment 1 of the present study 
(Section 5.2.2). 
5.3.2.3 Applied-N recovered in soils 
(a) Urea-N 
The shading technique clearly allowed complete hydrolysis of urea with high retention of soil 
moisture" (Figure 5.7). Urea hydrolysis was complete within 3 days for the Onepunga, 
Patumahoe and Templeton bare soils (Figure 5.8). In the subsequent soil sampling (6 days 
following urea application) no urea was detected in the other soils. Previous experiments 
conducted at the same site on the Templeton soil showed that during various seasons 
hydrolysis was complete 4-6 days following urea application (Black et al., 1985a and 1989). 
Laboratory studies have shown that Trnax (cumulative NH310ss (% applied-N) .;. time (days» 
(also see Section 4.3.2) is highly and negatively correlated with soil urease activity (Stevens 
et al., 1989). In contrast to those findings in the present study neither the urease activity 
obtained in the laboratory (r = -0.37; P :S 0.05) nor the hydrolysis rate obtained in the field 
(r = -0.49; P :S 0.05) were related to Trnax estimated from Figure 5.4 (Appendix 4). . 
It is worthwhile noting that despite the low urease activity measured in the laboratory, the 
Onepunga soil showed a very high hydrolysis rate in the field (Table 5.4 and Figure 5.8) 
which may have partly contributed to this soil experiencing the highest initial NH3 flux 
(Figure 5.5). Reports in the literature suggest that urease can be derived either from stable 
urease associated with the clay-humus complex (Boyd and Mortland, 1985) or from ureolytic 
organisms (Tiwari et al., 1988). Air-dried soils generally contain stable urease (Dalal, 1975; 
Zantu and Bremner, 1975b and 1977) and thus the laboratory assay may underestimate the 
field urease activity of soils especially those with a low clay-humus complex content Since 
the Onepunga soil had the lowest clay content (17%), the higher hydrolysis rate obtained 
from this soil in the field may have been mainly caused by a high ureolytic activity. 
Generally, when urease activity is not inhibited, surface application of urea call result in high 
cumulative NH310sses (Hauck, 1984; Fenn and Hossner, 1985). The NH310ss reported in 
Chapter 4 for the bare Templeton soil was 40.3% within 7 days under warm drying 
conditions where urea hydrolysis was slightly inhibited. This is greater than that monitored 
Figure 5.7 Changes In gravimetric soli moisture content against 
time fol/owing urea application 
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under cool, slow-drying conditions in the present study (35.3% within 7 days) where urea 
hydrolysed completely. Despite a very low urease activity, this difference must have been 
caused by the warm conditions experienced in the earlier study (Chapter 4) which was 
conducive to a faster hydrolysis rate and higher initial NH3 flux (Section 2.4.2). In the earlier 
study the initial hydrolysis rate and peak NH3 flux were 684 /lg urea-N core-1 h-1 (Table 4.2) 
and ~ 15% applied-N/0.5 day (Figure 4.3) respectively and in the present study they were 
406 /lg urea-N core-1 h-1 (Table 5.4) and·~ 8% applied-N/0.5 day (Figure 5.5) respectively. 
(b) AmmoniacaI-N 
Figure 5.9 Net ammoniaca/-N recovered from soils against time 
following urea application 
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Ammoniacal-N accumulation in all soils appeared to have reached a peak on day 3 
(Figure 5.9). It is plausible that maximum ammoniacal-N build-up may have coincided with 
peak: cumulative NH3 fluxes (Figure 5.4). However, since soil sampling was not carried out 
on day 2 it is not possible to make any such conclusion. It is known that as the concentration 
of ammoniacal-N increases in the soil solution, the potential for volatilisation also increases 
(Hauck, 1984). Generally, soils are unable to absorb and hold high concentrations of 
ammoniacal-N as efficiently as they do at lower concentrations (Connel et al., 1979). Certain 
soil types can hold more ammoniacal-N than others. Among the bare soils in the present 
study, the Onepunga sandy loam soil retained the smallest amount of ammonical-N and 
sustained the greatest NH3 10ss, whilst the clay loam soils (the Waikari, Patumahoe and 
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Cookson soils) retained greater amounts of ammoniacal-N throughout the sampling period 
and lost the lowest quantities of NH3 (Table 5.6). 
(c) Nitrate-N 
Nitrate did not begin to accumulate in any of the soils studied until 6 days following urea 
application (Appendix 5). This observation agrees with several other field (Black et aZ., 
1985a and 1989) and laboratory (O'Toole et aZ., 1985b; San, 1986; Reynolds and Wolf, 
1987b) studies. After 14 days the Templeton soil with and without grass cover and the 
Waikari and Patumahoe soils had begun to accumulate appreciable quantities of N03 - (6.6, 
4.5,2.5 and 4.0% applied-N respectively). However, the reason for the relatively slower 
nitrification observed in the Onepunga and Cookson soils is not clear. Pang et aZ. (1973) 
reported that soils with a high CEC could restrict the ammoniacal-N diffusion which could 
result in slower N transformations. Although this hypothesis appears to suit the Cookson soil 
with its high buffered CEC (747 meq kg-I), it does not explain the low apparent nitrification 
observed'in the Onepunga sandy loam with its relatively low buffered CEC (218 meq kg-I). 
The 14 day native N03-N levels within the untreated controls showed only the Patumahoe 
and Templeton soils had some nitrification (Appendix 6), implying that the other soils may 
have had inherently lower nitrifying capacities. 
(d) Immobilised-N 
The tracer technique showed that between 1 and 4% of the applied-N was immobilised within 
a day of urea application (Figure 5.10), increasing to between 5 and 12% after 2 weeks. It 
was not possible to distinguish between the various possible mechanisms of immobilisation 
including chemical or biological NH4 +-N fixation. In the current study, however, the 
conditions which prevailed may not have been conducive to the chemical fixation of NH/-
nitrogen. The reason being that soils did not dry sufficiently for the NH/-N to be drawn and 
fixed between the clay lattices (Section 2.5.7.3 and Figure 5.7). 
The immobilisation results obtained in the current study are comparable to those of Keeney 
and MacGregor (1978) despite the differences between the experimental conditions; i.e. the 
current experiment was carried out during a cooler period of the year (early spring compared 
to late summer) and urea was applied in granular form in contrast to the solution application 
by Keeney and MacGregor (1978). Note that the rate of net immobilisation declined in the 
Templeton soil with grass cover and in the Cookson and Onepunga soils at the end of the 
sampling. Keeney and MacGregor (1978) also found a similar decline on day 22 in a soil 
with grass cover and concluded that net mineralisation must have caused a reduction in 
immobilised-N. Haynes (1986a) explained that during the decomposition of organic matter 
the C:N ratio decreases and at some stage a change from net immobilisation to net 
. mineralisation occurs. The native NH/-N levels obtained on day 14 in the present study 
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showed that the Onepunga and Cookson soils had very high levels of NH4 +-N (Appendix 6). 
Such a high mineralisation rate as detected in these two soils may be the reason for the lower 
immobilisation rates observed between day 6 and 14 compared with the other bare soils 
studied. 
Figure 5.10 ImmobiJised-N recovered from sol/s against time 
fol/owing urea application 
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Moreover, the Onepunga and Cookson soils had similar C:N ratios (18.1) and this was higher 
than that of other bare soils (13.7-15.9). Generally it is believed that soils with a high C:N 
ratio can enhance immobilisation of applied fertiliser-No In order to investigate this claim, 
correlation tests were performed between immobilisation values obtained on day 14 and 
organic-C and total-N contents, C:N ratio, anaerobically mineralisable-N and KCl 
hydrolysable-N. None of the above tested soil properties was related to the net 
immobilisation values obtained on day 14. The equilibrium between mineralisation and 
immobilisation is a complex process and it cannot be simply controlled by the C and N 
content of soils and other factors such as substrate quality also playa major role in these 
equilibria (l-Iaynes, 1986a). 
(e) Subsurface-N 
The 15N detected on day 14 following urea application between 2-4 cm depth for the 
Templeton (with grass), Templeton (bare), Onepunga, Waikari, Cookson and Patumahoe 
. were 5.5,6.2,6.3,4.9,2.9 and 8.8% of the applied-N respectively. This must have resulted 
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from the downward movement of the applied-N through diffusion of urea-N or N03 --N since 
leaching was not possible under the enclosed environment. Under slow-drying conditions the 
upward convectional movement of urea and its hydrolysis products is restricted and this can 
result in a greater net downward movement (Kirk and Nye, 1991b). The downward 
movement of ammoniacal-N is facilitated when a significant proportion is present as NH3(aq) 
(Sherlock and Goh, 1985a). Sherlock et al. (1986) have shown by measuring the micro site 
pH that the alkaline front of the urea hydrolysis products extends to about 1.4 cm depth in the 
Templeton silt loam. This alkaline front can be assumed to represent the spatial extent of the 
movement of either urea-N or ammoniacal-N below the soil surface. Laboratory diffusion 
studies performed on disturbed soils (Rachhpal-Singh and Nye, 1986b and c) have shown 
that ammoniacal-N and the alkaline front moved to the same depth (3 cm). Generally, such 
movement occurs within 1-2 days following urea application (Sherlock et al., 1986; 
Rachhpal-Singh and Nye, 1986a, b and c). Thus it is plausible that the downward movement 
of the labelled fertiliser-N below the 2 cm depth was likely to have been as dissolved urea 
rather than ammoniacal-No These observations emphasise the importance of taking cores 
below the presumed depth of any fertiliser movement in N recovery experiments. 
5.3.2.4 Changes in soil microsite pH 
Figure 5.11 Changes In microsite soil pH against time following 
urea application 
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Figure 5.11 illustrates the changes in soil microsite pH after the surface application of urea. 
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While the Onepunga soil attained its maximum pH one day following fertiliser application, 
the other soils reached then- maxima on or after 2 days. These patterns of pH change appear 
to be closely related to the peak half-daily NH310sses (Figure 5.5). Such observations agree 
with the field studies of Black et al. (1985b and 1987a), Sherlock et al. (1986), Clay et al. 
(1990) and the experiment reported in Chapter 4 . 
. Note that the Onepunga soil experienced a very high NH3 flux during the first 2 days 
following urea application which then fell below that of the other soils (Figure 5.5). This 
rapid reduction in NH3 flux coincided with the reduction in micro site pH in this soil due to 
the combined effects of proton generation: NH4 +(aq) -+ NH3(aq) + H+(aq) and loss of gaseous 
base: NH3(aq) -+ NH3(g). The slow decline in diurnal NH3 fluxes from each of the soils which 
began 3 days following urea application coincided with a period of essentially constant 
microsite pH (~ 8.8). This constant pH is due to the presence of HC03- (Section 2.2.1.1), and 
occurs despite the reduction in NH3(aq). 
In the latter stages of the volatilisation event the pH is greater and presumably the HC03-
concentration is also relatively greater in the Waikari soil microsite. A proportion of this 
HC03 - is probably generated from soluble CaC03 (Section 2.2.1.2). Although the microsite 
pH of the Waikari soil was not significantly higher than the other soils it remained at higher 
pH levels at the latter stages of the study. 
Microsite pH maximum appeared to be a poor predictor of the total NH3 loss and hence the 
soil volatilisation potential. For example, despite the similar pH maxima recorded by the 
Waikari, Templeton and Onepunga soils (8.92, 9.00 and 8.89 respectively), the soils 
sustained significantly different losses of between 32.7 and 58.2% (Table 5.6). These 
observations question the validity of using maximum microsite pH values as universal 
predictors of the volatilisation potential of soil (Sections 2.5.2.2 and 4.3.4). However, it was 
evident from the previous study (Section 4.3.6) that the microsite pH values obtained 8 hours 
following urea application were strongly and linearly related to the cumulative NH310ss 
sustained after 7 days (r = 0.97; P :S 0.01). This relationship will be examined using the 
results of the current experiment and will be discussed in Section 5.3.2.7. 
5.3.2.5 Nitrogen balance 
All the applied urea-N was accounted for after 2 weeks in each of the soils except for the 
Waikari (Figure 5.12d). The less than quantitative recovery measured for several soils at 
earlier sampling time (Figures 5.12a, b and c) is likely to be due to two experimental 
artifacts: (a) the decision not to quantify applied fertiliser-N at depths below icm except for 
the final sampling time and (b) the possible temporary retention of volatilised NH3 in the 
pipes leading to the traps in the field laboratory. 
Figure 5.12 Apparent recovery of applied urea in different N forms 
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The N transformation observations made possible by the use of labelled fertiliser showed that 
for the soils studied under slow-drying, cool conditions, NH3 volatilisation dominates the 
post-hydrolysis transformation processes followed by immobilisation and nitrification. 
Although immobilisation was apparently occurring throughout the volatilisation event 
(Figure 5.10), the rate and extent of this process were such that it had virtually no influence 
on volatilisation. Similarly, nitrification only became apparent 2 weeks following urea 
application by which time the NH3 loss rate had reached its lowest levels « 1 % of the 
applied-N per day) (Figures 5.12 and 5.5 and Table 5.6). Correlation tests performed between 
14 day immobilisation and nitrification and cumulative NH310sses (both 7 and 14 days) 
clearly showed that the immobilisation and nitrifying capacities of soil were unrelated to and 
therefore had no effect on NH3 losses sustained. This is because such processes were rather 
slow during the first week of the study during which a high proportion of the ammoniacal-N 
was lost as gaseous ammonia. 
Furthermore, considering the standard error (SE) values for the total pool of N recovered on 
day 14 the deficit appears to be very minimal for the majority of the soils except for the 
Waikari soil (Figure 5. 12d). The apparent complete N recovery obtained for the majority of 
the soils indicates that the loss of applied-N through denitrification (chemo- or bio-) was· 
unlikely under the experimental conditions. However, it is suspected that the deficit irrthe 
Waikari soil (5.5% of the applied-N) may have been caused by chemodenitrification because 
(a) losses through chemodenitrification can be significant in calcareous soils (Chalk and 
Smith, 1983) and (b) the conditions were not conducive to biodenitrification losses 
(Section 2.5.7.2). The quantitative N recovery on day 14 also demonstrated that (except for 
the Waikari) the methods adapted to recover the applied-N in the current study appeared to be 
effective. 
5.3.2.6 Effect of short plant cover on NH3 losses 
At this stage using the N transformation results an attempt is made to explain the higher NH3 
loss sustained by the Templeton soil with grass compared with its bare counterpart. Although 
the Templeton soil with grass had a slightly higher initial urea hydrolysis rate (Figure 5.8), it 
did not completely hydrolyse by day 3 following urea application compared to the bare soil. 
In both cases the NH3 flux was similar for the initial 2 days and the soil with grass sustained 
higher losses from day 3. The amount of ammoniacal-N found in the micro sites also 
suggested that bare soil had a greater initial accumulation of ammoniacal-N (Figure 5.9) and 
higher microsite pH (Figure 5.11), Consequently, the peak NH3 flux was delayed in soil with 
grass (Figure 5.4). It is plausible that some of the broadcast urea granules may have been 
intercepted by the thatch layers or litter. Reports indicate that a substantial portion of 
broadcast granules can be intercepted by thatch layer and litter (Bowman et al., 1987; 
Reynolds and Wolf, 1988) or planttops (Hoult and McGarity, 1978). Although care was 
taken to avoid applying urea granules on to the grass tops in the current study, interception by 
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the thatch layer or litter was inevitable. Jackson and Burton (1962) reported that urea 
granules intercepted by the grass layer can sustain substantial losses of NH3 if hydrolysed 
urea is unable to make intimate contact with the soil exchange complex. This may explain the 
low initial retention of ammoniacal-N and the subsequent NH3loss from the Templeton soil 
with grass cover. 
The visual observation indicated that provision of shade had progressively killed the grass 
cover within the initial stage of the experimental period. Consequently, it can be expected 
that a certain amounts of NH3 may have been released from the senescing plant tops. 
Although numerous reports suggest that senescing plants can release substantial amounts of 
NH3 (Farquhar et al., 1979; Wetselaar and Farquhar, 1980) it is presumed here that the 
amount released due to senescence must have been relatively small compared to the 
volatilisation loss from broadcast urea. Evidently, a laboratory study by Farquhar et al. 
(1979) showed that senescing com plants with leaf area index of 1.0 could release 7 g ha-1 d-1 
of ammonia. This is only a trace amount when compared to the lowest daily flux of NH3 
('" 1 kg N ha-1 d-1) measured during the first week of the current volatilisation study. 
It may also be argued that there may have been an initial active NH3 absorption by the grass 
cover which was released later during senescence and this caused a greater NH310ss from 
soil with grass at the latter stages of the study. It is well known that plants can absorb 
susbstantial amount of NH3 (Rogers and Aneja, 1980; Janzen and Bruinsma, 1989). Studies 
conducted on the Templeton silt loam by Black et al. (1989) using the current enclosure 
method showed that the Templeton soil with 9 cm tall wheat crop lost significantly less NH3 
(24%) than the bare soil (29%). It was suspected that some of the NH3 volatilised from urea 
may have been absorbed by the wheat plants. However, the short (2 cm) pasture cover 
retained in this present study was unlikely to have absorbed a large amount of NH3. 
Moreover, the 15N results showed that the difference between the amounts of N immobilised 
was not significantly different for the Templeton soil with and without grass (Figure 5.10). 
Since the 15N analyses involved the entire soil core and the vegetation, had any active NH3 
absorption by plant occurred it would have appeared in the immobilised-N pool. Thus it is 
presumed that the higher NH3 loss sustained by the soil with grass must have been mainly 
due to poor retention of NH3 by the thatch layer. 
5.3.2.7 Relationships between NH310ss and soil characteristics 
Linear correlation tests examining possible relationships between the cumulative NH310sses 
(7 and 14 days) and soil characteristics are shown in Table 5.7. Since the cumulative NH3 
losses sustained after 7 days were highly correlated to those after 14 days (r = '0.99, P ~ 0.01) 
only the former are considered in this discussion. 
Table 5.7 Correlation coefficients obtainedfromthe relationship between the 
cumulative NH3 loss and soil properties 
Soil characteristics 
Sand content (%) 
Silt content (%) 
Clay content (%) 
Soil initial pH 
Organic-C content (%) 
Total-N (%) 
Buffered CEC 
KCI hydrolysable-N 
Mineralisable-N 
Urease activity (lab.) 
Hydrolysis rate (field) 
Ca2+ 
Mg2+ 
H+ buffer capacity 
Initial microsite pH (8 h) 
Tmax 
7 dNH3loss 
0.99 ** 
0.11 
-0.88 * 
-0.03 
-0.62 
-0.73 
-0.62 
-0.50 
-0.50 
-0.10 
0.78 
-0.72 
-0.30 
-0.41 
0.94* 
-0.78 
14dNH31oss 
0.99 ** 
0.13 
-0.89 * 
0.02 
-0.65 
-0.77 
-0.61 
-0.55 
-0.55 
-0.16 
0.77 
-0.62 
-0.29 
-0.42 
0.95 * 
-0.75 
Values between 0.88 and 0.96 are significant at P ~ 0.05 level and above 0.96 are significant 
at P ~ 0.01 level. 
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When the cumulative NH310ss after 7 days (dependent variable) and each soil property 
(independent variable) were plotted. certain soil properties gave curvilinear relationships, the 
majority being quadratic. It must therefore be emphasised here that the simple linear 
correlation obtained may not be the best index of the possible relationship between two 
variables. Several studies of soil factors influencing NH310sses from surface-applied urea 
(e.g. Reynolds and Wolf, 1987b; Martin and Bremner, 1989; Stevens et al., 1989) simply 
used linear correlation or regression analyses. Consequently, the validity of such findings are 
questionable. Presumably, such studies either found linear relationships between the 
parameters tested or this has merely been assumed. Whatever the case may be, the 
application of stepwise multiple linear regression analysis on those parameters that have 
non-linear relationships further accentuates the problems involved in the interpretation of the 
results. Work by Martens and Bremner (1989) used such a stepwise multiple linear regression 
analysis of NH3 loss against 9 soil properties and obtained a single regression equation 
describing an overall relationship. This approach was based on the assumption that the 
cumulative NH3 losses were linearly related to all 9 soil properties and is thus misleading. On 
the other hand, Stevens et ai. (1989) preformed a similar stepwise multiple regression 
analysis between NH3 loss and soil properties and attempted to justify such an approach by 
choosing a statistically significant R value (P ;s; 0.05) with reducing residual variation. 
In reality, however, the presence of strong outliers in the data can also give inflated 
correlation or regression values. One such example in the present study was that of the 
relationship between Mg2+ content with buffered CEC and H+ buffer capacity (r values of 
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0.93 and 0.91 respectively) (Appendix 4). However, except for the Cookson soil 
(119 meqkg-1), all other soils had a narrow range of Mg2+ levels (7-11 meqkg-l) (Table 5.4). 
Consequently, removal of the Cookson soil outlier resulted in a much poorer relationship 
between Mg2+ and both buffered CEC and H+ buffer capacity (r = 0.56 and -0.31; P ~ 0.05) 
respectively). Thus use of simple linear regression or correlation techniques to study a 
relationship may be inappropriate and can lead to erroneous conclusions. The approach used 
in the present study therefore involved the use of scatter diagrams to examine each 
relationship between different parameters, and this was initially assessed visually and later by 
computation (also see Section 4.3.6). 
(a) Sand and clay contents (%) 
The present study shows that the relationship between 7 day NH310ss and sand content (%) 
(Eq. [5.3]) was linear, and the relationship between 7 day NH310ss and clay content (%) was 
curvilinear (Eq. [5.4]) . i.e., whilst an increase in sand content increases the NH310ss, soils 
with more than 40% clay content experienced low NH3 losses. 
NH3loss (7 days) = 6.5 + 0.75 sand % (R2 = 96.9%) [5.3] 
NH310ss (7 days) = 90 - 2.54 clay % + 0.03 (clay %)2 (R2 = 99.6%) [5.4] 
Equation [5.3] indicates that when the sand content of a soil is zero, under the given 
experimental conditions it should sustain 6.5% NH310ss within 7 days with increasing losses 
induced by increasing sand content. Many workers have also reported that NH3loss increases 
with increasing sand content (O'Toole et al., 1985b; O'Toole and Morgan, 1988; Martens 
and Bremner, 1989) and decreases with increasing clay content (Buresh, 1987; Reynolds and 
Wolf, 1987b). Since an increase in clay content results in a reduction in sand content 
according to the following relationship, 
sand % = 99.3 - 2.56 clay % + 0.02 (clay %)2 (R2 = 100.0%) [5.5] 
it is difficult to unambiguously isolate the effects of these two physical soil properties on 
volatilisation potential. Thus it can be hypothesised from these results that soils with a high 
proportion of non-reactive components such as sand will have high volatilisation potentials. 
This is because clay content is highly related to soil properties such as buffered CEC, 
organic-C content and H+ buffer capacity whose presence in soils is known to reduce the 
volatilisation potential (see Appendix 4 and Section 2.5.6). Although this is the case, the use 
of clay content (%) alone as an index to predict volatilisation potential may be inappropriate 
since soils with a high clay content (%) also tend to have high urease activity and low 
infiltration, leaching and soil drying rates which are known to increase the potential NH310ss 
from broadcast urea (see Section 2.5.6). In contrast, sand content (%) appears to be a better 
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single predictor of the volatilisation potential of soil broadcast with urea granules under 
slow-drying, cool conditions. Unlike clay content (%), use of sand content (%) as an index 
for soil volatilisation potential is relatively convenient due to its linear relationship with 
cumulative NH3 losses. Moreover, determination of the sand content (%) of soil is also easier 
than that of its clay or silt counterparts since sand particle separation can be performed using 
simple wet sieving. 
(b) Native soil pH 
Several studies have reported that soils with a low initial soil pH sustain lower NH3 losses 
than soils with a higher initial pH (Lyster et al., 1980; Rachhpal-Singh and Nye, 1986c). This 
was in agreement with the earlier studies (Chapter 4) under warm, rapid-drying conditions 
largely because the factor most highly correlated with NH3 loss (H+ buffer capacity) was also 
correlated with initial pH (r = -0.85; P ~ 0.05). However, in the current study the initial pH 
values of the soils studied were not linearly related to H+ buffer capacity and initial pH was 
unrelated" to NH3 loss (r = -0.03; P ~ 0.05). Note also that the Onepunga soil being an acid 
soil (pH = 5.87) sustained the highest NH3 loss mainly due to its high sand content and high 
initial field urea hydrolysis rate. 
A measure of native soil pH only indicates the status of the net soil reaction within and 
between its native soil components. In the highly concentrated micro-environment 
surrounding a hydrolysing urea granule, the foreign material introduced (i.e. alkaline urea 
hydrolysis products) completely alters the native soil pH. This is probably one of the main 
reasons why native soil pH did not show any significant relationship with NH3 loss. 
However, a pH measurement made shortly after urea application, shows the status of the net 
soil reaction between the soil components and the alkaline hydrolysis products released from 
urea. 
(c) Initial microsite pH and Tmax 
In contrast to the poor relationship with native soil pH, the microsite pH values obtained 
8 hours following urea application (referred to as'initial micro site pH') and Tmax values gave 
good curvilinear relationships with 7 day cumulative loss: 
NH3 loss (7 days) = 2090 - 554 Initial micro site pH + 37 (Initial microsite pH)2 
(R2 = 98.5%) [5.6] 
NH310ss (7 days) = 128 -776(1{fmax) + 1479 (1/(Tmax)2) (R2 = 96.7%) [5.7] 
The above quadratic relationships revealed that if the soil micro site pH value increased above 
. 8 within 8 hours of urea application, NH3 losses would be substantial. Both the Onepunga 
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and Templeton soils attained a microsite pH value over 8 within 8 hours of urea application 
and sustained greater NH310sses (35.3 and 53.9% of the applied-N respectively) than the 
other 3 bare soils (Table 5.6). These same soils also reached their maximum cumulative NH3 
loss rates (Tmax) earlier than the other soils and consequently sustained higher NH310sses 
(Figure 5.4). It is worthwhile recalling that a strong linear relationship was obtained between 
cumulative NH3 loss and initial micro site pH in a previous study (r = 0.97 P :S 0.01) 
(Section 4.3.6 and Figure 4.11). The linear relationship between these factors for this present 
study was: 
NH3loss (7 days) = -204 + 30.5 Initial micro site pH (R2 = 87.6%) [5.8] 
As also mentioned previously (Section 4.3.6), these strong linear relationships (regression 
equation in Figure 4.11 and Eq. [5.8]) appear to show that a soil's potential to volatilise NH3 
from broadcast urea under most environmental conditions is related to its ability to partially 
neutralise the alkaline hydrolysis products formed when urea hydrolyses. The speed with 
which the soil supplies these neutralising substances (presumably H+) appears also to be 
important in determining both the 'initial micro site pH' and Tmax' 
Thus soils with a low 'initial microsite pH' appear more able to partially neutralise the urea 
hydrolysis products than those soils with a high 'initial micro site pH' and tend to sustain 
lower NH3 10sses. These observations are discussed more fully in Chapter 7. 
(d) Buffered CEC 
Further analyses for relationships between the NH3 loss and soil factors gave the following 
inverse curvilinear relationship between NH3 loss and buffered CEC: 
NH310ss (7 days) = 43 - 17343 (l/buffered CEC) + 4306264 (l/buffered CEC2) 
(R2 =99.1%) [5.9] 
Ammonia loss rate tended to increase in a curvilinear manner with decreasing buffered CEC 
which indicates that only a small proportion of the NH3(aq) present was protonated and 
adsorbed by soils with low buffered CEC values (Section 2.5.4). Similar quadratic 
relationships were obtained by O'Toole et ai. (1985b) and O'Toole and Morgan (1988) in 
laboratory studies. The relationship obtained in the present study indicates that the NH310ss 
was large (> 30% applied-N) below a buffered CEC level of 350 meq kg-i. Since buffered 
CEC consists ofH+ buffer capacity and effective CEC, the NH310ss appeared to be mainly 
influenced by a combination of effective CEC and H+ buffer capacity. This fuiding contrasts 
with that of an early experiment (Chapter 4) where, under rapid drying conditions H+ buffer 
capacity alone appeared to have mainly influenced the NH3 loss. The reason for this 
difference between experiments is that the cool, slow-drying conditions prevailing in the 
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current study were conducive to the prolonged retention of NH3(aq) released from urea which 
in tum was protonated and chemisorbed on to the exchange complex. Rapid soil drying in the 
earlier experiment did not allow this to occur to the same extent. 
(e) Urease activity 
Numerous reports suggest that the increase in micro site pH is related to the increase in 
ammoniacal-N level in the microsite (Overrein and Moe, 1967; Ferguson and Kissel, 1986) 
which in turn is often caused by high urease activity (Hauck, 1984) hence increasing the 
volatilisation potential. The present study, however, showed that urease activity, as such, had 
a minimal effect on NH3 volatilisation potential (Table 5.7) despite the complete hydrolysis 
achieved under slow-drying environmental conditions. In the previous study where the soils 
dried rapidly, a high urease activity increased the NH310ss in those soils that also retained 
sufficient of their initial moisture for complete hydrolysis (Section 4.3.6). Laboratory studies 
on volatilisation potential have shown either poor (Martens and Bremner, 1989) or negative 
(Reynolds and Wolf, 1987b) relationships between NH310ss and urease activity 
. (Section 2.5.1.2). Reynolds and Wolf (1987bremphasised that predicting NH3 volatilisation 
losses from urease activity alone without considering other soil factors should be treated with 
caution. 
(0 Solution and exchangeable Ca2+ 
Fenn et al. (1981b) and Fenn and Hossner (1985) reported that the addition ofCa2+ to soils 
can reduce the volatilisation potential of soils receiving urea fertiliser. In this current study 
the presence of Ca2+ did appear to suppress the NH3 loss as indicated by the following 
quadratic relationship between NH310ss and Ca2+ content: 
NH310ss (7 days) = 80 - 1.56 [Ca2+:J + 0.01 [Ca2+]2 (R2 = 88.3%) [5.10] 
Examination of the scatter diagram showed that the outlier that caused the relatively low R2 
value was the Patumahoe soil. When the Patumahoe value was removed and the regression 
was performed only on the four South Island soils, the following quadratic relationship was 
obtained: 
NH310ss (7 days) = 76 - 1.26 [Ca2+] + 0.01 [Ca2+]2 (R2 = 100.0%) [5.11] 
This relationship indicated that when the soil Ca2+ level was S 45 meq kg-1, the NH3 loss was 
substantial. Such a relationship clearly demonstrates that along with other factors such as clay 
content and buffered CEC, the presence of high Ca2+ may have also reduced the volatilisation 
potential of the soils studied. 
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However, the mechanism involved in the interaction between the Ca2+ content and NH310ss 
is not clear. Some proposals have been discussed in detail in Chapter 2 (Section 2.2.2). 
Multiple linear regression analyses showed strong interrelationships between Ca2+ levels and 
soil properties such as Tmax, initial micro site pH, buffered CEC and clay content (R2 ~ 90%). 
It is worthwhile noting that those soils with the high Ca2+ contents (Waikari and Cookson) 
also had high Tmax values (Figure 5.4) and unlike the other soils, urea hydrolysis in these two 
soils was not complete until 3 days following urea application (Figure 5.8). It is possible that 
the presence of CaC03 may have reduced the hydrolysis rate in these soils. Stevens et al. 
(1989) also found that the presence of CaC03 in soils can increase the Tmax' 
5.4 CONCLUSIONS 
The shading technique used enabled the applied urea to completely hydrolyse without the 
confounding influence of partial inhibition of hydrolysis induced by rapid soil drying. This 
permitted the study of the volatilisation potentials of selected South Island soils under cool 
slow-drying conditions-. Under- such conditions, soil chemical and physical properties 
appeared to have a more pronounced influence on the volatilisation potential than their 
biological counterparts such as urease activity, immobilisation and nitrification. 
This was evident from the strong linear relationship obtained between cumulative NH310sses 
(7 days) (Le. 'volatilisation potentials') and 'initial microsite pH' (r = 0.94; P :s: 0.05) and 
sand content (%) (r = 0.99; P :s: 0.01). Both 'initial microsite pH' and sand content (%) are 
easily measurable properties of a soil and could form the basis of diagnostic procedures to 
estimate a soil's potential to suffer significant NH310ss following urea fertiliser applications. 
The fact that strong linear relationships were obtained between cumulative NH3 losses (%) 
and 'initial microsite' in both major studies (Chapters 4 and 5) is particularly encouraging. 
These findings demonstrate that the major factor determining a soil's volatilisation potential 
is the presence of reactive components able to supply H+ ions in sufficient quantity to 
protonate alkaline NH3(aq) to NH/(aq)' At this stage it is not clear which soil component(s) 
are most responsible for resisting the alklalinity build-up that accompanies urea hydrolysis. 
This present study indicated that in general, soils with a high buffered CEC (enhanced by 
high H+ buffer capacity and high clay and organic-C contents) and high Ca2+levels sustained 
lower NH3 losses. However, the curvilinear nature of the relationship obtained for cumulative 
NH310sses against buffered CEC, clay content (%) and Ca2+ content suggest thafmore than 
one soil component is responsible for such lower losses. 
These findings also emphasise that the use of simple linear correlations or regressions for 
. examining the relationship between variables in NH3 volatilisation studies must be carried 
out with caution mainly because (a) the volatilisation potentials of soils are influenced by 
more than one soil characteristic (and these are generally interrelated to each other) hence 
resulting in curvilinear relationships and (b) the presence of strong outliers can lead to 
erroneous conclusions because of the highly significant r values obtained. In this study, 
scatter diagrams were always used to check for outliers before undertaking any further 
analysis. 
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In the present study 15N-urea was used to measure short-term immobilisation of the applied 
fertiliser. This also enabled an N balance to be performed. In all but one soil, quantitative 
recovery (~ 100%) of the applied-N was obtained 14 days following urea application. Thus 
denitrification of the urea fertiliser was apparently occurring in only one of the soils (the 
calcareous Waikari soil). 
The 15N results also indicated that there was no significant plant absorption of NH3 released 
from bro~dcast urea. This finding, and the results obtained from the N balance study suggest 
that the greater NH3 loss sustained by the Templeton soil with grass must have been due to 
the poor retention of NH3 released from urea intercepted by the thatch layer. 
CHAPTER 6 
COMPARISON OF FIELD METHODS FOR ASSESSING AMMONIA 
VOLATILISATION LOSSES 
6.1 INTRODUCTION 
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Ammonia volatilisation losses measured in the laboratory are difficult to extrapolate to the 
field because of the substantial differences which prevail in soil and atmospheric conditions 
betWeen the laboratory and the field (Fenn and Rossner, 1985). No single field method yet 
offers a procedure capable of monitoring volatilisation losses from a variety of soil 
treatments while at the same time being guaranteed free of experimental artifacts. Several 
field methods have been developed and evaluated in recent years (McGarity and Rajaratnam, 
1973; Kissel et al., 1977; Black et al., 1985; McInnes et al., 1985; Ryden and Lockyer, 1985; 
Hargrove et al., 1987; Ferguson et ai., 1988; Reynolds and Wolf, 1988; Sherlock et al., 1989) 
and these were discussed in detail in Chapter 2. There remains a need in most studies of NH3 
volatilisation to quantify NH3 losses using a procedure known to be largely unaffected by 
experimental artifacts (e.g. micrometeorological methods) and to use such measurements to 
calibrate more easily implemented procedures (e.g. enclosure methods and 15N recovery 
methods). 
The main objectives of the work described in this chapter were therefore to (a) compare three 
field techniques for measuring NH310ss (the abbreviated micrometeorological method, the 
enclosure method and the 15N recovery method) and (b) compare two different NH3 samplers 
(viz., active and passive) used in the abbreviated micrometeorological method. 
6.2 MATERIALS AND METHODS 
6.2.1 Non-enclosed 15N recovery 
The experiments were run simultaneously with those described in Chapter 5. For the non-
enclosed 15N recovery method six undisturbed soil blocks (450 cm2 area x 7 cm height) of 
the Templeton (bare), Templeton (with grass), Onepunga, Waikari, Cookson and,Patumahoe 
soils were buried to the soil surface about 3 m West of the mobile laboratory. Each small 
block of soil was identical in composition to one of the enclosed soil treatments studied in 
Chapter 5. Into each these blocks of soil were inserted 12 aluminium rings (5 cm height and 
4.75 cm lD.) with little protrusion above the soil surface (Plate 6.1). 
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6.1 Soil cores usedfor N recovery of applied-N 
All the soil blocks were protected from rainfall by a polythene cover erected above the soil 
surface which did not restrict normal wind movement. The soil and fertiliser treatments, 
sampling, extraction and analysis procedures for urea-N, ammoniacal-N, N03--N and 
immobilised-15N were as described in Chapter 5. The preweighed 15N enriched urea granules 
(2-3 =) were applied to each of the 4.75 cm diameter soil cores between 0750 and 
0800 hours on September 6, 1989. 
6.2.2 Enclosed lsN recovery 
See Sections 3.2 and 5.3.1.5 for the methodology. A comparison was made between the 
amounts of different forms of N recovered under enclosed and non-enclosed conditions using 
analysis of variance (ANOY A) and F tests. Cumulative standard errors were calculated as 
described previously (Section 3.8). 
6.2.3 Enclosure method 
See Sections 3.2 and 3.3. 
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6.2.4 Micrometeorological methods 
The micrometeorological experiments were conducted over a 20 m radius circular plot of 
pasture located about 30 m South-West of the mobile laboratory. The day before fertiliser 
application the grass was mown to a height of 1 em and the clippings were removed. The 
procedures adopted in this study were similar to those in the field micrometeorological study 
conducted at an adjacent location by Sherlock er al. (1989). A 2 m tall steel pipe mast was 
erected at the centre of the plot to which were attached duplicate active and passive ammonia 
samplers as shown in Plate 6.2. Mean horizontal wind speeds were measured using sensitive 
cup anemometers also attached to the mast at 0.20,0.40,0.70 and 2.18 m above the soil 
surface (Plate 6.3). The single NH3 gas sampling height for the abbreviated 
micrometeorological method (which is referred to hereafter as ZINST) was determined using 
the model of Wilson et al. (1982) to be 0.70 m. The plot was not irrigated prior to fertiliser 
application since it was already close to field capacity and the logistics of applying 120 = 
of water across the entire surface could not be met. Co=ercial grade granulated urea (2-
3 = size) was broadcast uniformly by hand at the rate of 100 kg N ha'! between 0620 and 
0645 hours on September 6, 1989. 
Plate 6.2 heave and passive NH3 samplers mounted on the mastjor NH3 
trapping - Micrometeorological methods 
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6.2.4.1 Active NH3 gas sampler 
The active samplers consisted of trapping units similar to those employed in the enclosure 
method. The air inlet to each trap was connected to a steel pipe perforated with holes which 
was located horizontally at the ZINST height (Plate 6.2). One such perforated pipe was 
mounted on each side of the mast normal to the prevailing wind. The outlets of the active 
traps were connected via a long polypropylene pipe (10 mm I.D.) to an electric vacuum pump 
located on the Eastern side of the circular plot (approximately 10 m beyond the edge of the 
plot) (Plate 6.3). The air flow was maintained at 5.25 L min'! for each of the two active 
trapping units and was monitored twice daily when the traps were changed at 0900 and 
1900 hours. The trapping medium used was 50 mL of 0.05 M H2S04 and the NH3 gas 
trapped was measured as described for the enclosure method (Section 3.3). 
Piate 6.3 Picture showing wind speed measurement at different 
heights using cup anemometers 
129 
The horizontal flux density of NH3 detected by the active samplers in the treated area was 
calculated using the following equations: 
up = ii x P [6.1] 
where up is the horizontal flux densityofNH3 (",g m-2 s-l), p is the mean NH3 concentration 
(",g NHTN m-3) and ii is the mean wind speed obtained for the sampling period (m s-l). The 
value of p is given by: 
p = (C x V)/(G x t x 0.001) [6.2] 
where C is the NH3-N concentration detected in the trap (",g NHrN mL-1) V is the volume of 
the acid (mL), G is the gas flow rate (L min-1) and tis the sampling period (min). 
6.2.4.2 Passive NH3 gas sampler 
The passive NH3 gas sampler was designed by Leuning et al. (1985) to monitor horizontal 
NH3 flux (Section 2.7.1.2b). In slightly modified form it was found to be satisfactory in one 
trial conducted under 'typical' Canterbury (New Zealand) environmental conditions 
(Sherlock et aI., 1989) (Plate 6.2). Wind which enters the inlet of the sampler flows over a 
stainless steel spiral coated with oxalic acid which absorbs the atmospheric NH3. Four of 
these passive samplers only were available for use during this experiment. Each sampler was 
prepared for use by pouring 30 mL of 3% oxalic acid in acetone through the inlet port 
stoppering the base and inlet and shaking vigorously whilst being rotated gently around its 
major axis for approximately 2 minutes. Excess oxalic acid/acetone solution was then drained 
out through the inlet. About 19 mL of acid was drained out during each acid coating process. 
Once a sampler was 'charged' with acid, the tail piece was secured tightly by adhesive tape 
and the sampler was mounted on the mast. 
At the end of each sampling period the exposed samplers were removed and replaced with 
freshly charged ones. The exposed samplers then had 40 mL of H20 added through the inlet 
port and were shaken vigorously for 2 minutes. The extract from each sampler was drained 
into a 50 mL measuring cylinder to measure the volume collected and then transferred to a 
plastic bottle for storage (approximately 25 mL of solution was extracted from each sampler). 
Five mL of 0.5 M H2S04 and sufficient distilled H20 were then added to produce an 
approximate H2S04 concentration of 0.05 M in a 50 mL final volume. The NH3-N 
concentration was measured using the electrode method described in Section 3.3. Before re-
use each sampler was washed 3 times with 50 mL of H20 and finally with 40 mL of acetone 
before being left to dry. 
130 
The horizontal flux density of NH3 detennined by the passive samplers were calculated from 
the equation: 
up =M/At [6.3] 
(Leuning et al., 1985) where Up is the mean horizontal flux of NH3 at the point of sampling 
(p.g NH3-N m-2 s~l), Mis themass ofNHrN (p.g) collected in the sampler for the sampling 
period t (min) and A is the effective cross-sectional area of the sampler detennined in wind 
tunnel calibrations by Leuning et al. (1985). It should be pointed out that the four samplers 
used in this experiment were not themselves calibrated in wind tunnels but their critical 
dimensions were constructed to conform exactly with the original design. 
The mass of NHTN collected is calculated as: 
[6.4] 
where C is the concentration ofNH3-N (p.g mL-1) detected by the electrode, Vis the final 
volume of the analate (Le. 50 mL), vI is the volume of H20 used to extract the oxalic acid 
from the sampler (i.e. 40 mL) and V2 is the volume of oxalic acid and H20 mixture drained 
from the sampler. 
Both active and passive NH3 samplers were mounted at 0715 hours September 6, 1989 and 
the vacuum pump for the active samplers was started. A third passive sampler was mounted 
at ZINST on a second 1 m tall mast approximately 30 m upwind of the circular plot This 
sampler was used to monitor the background horizontal NH3 flux, uPb . 
The mean vertical flux density of NH3 measured by the 3 samplers over each 12 hour period 
was calculated according to the following equation: 
F = c(up - UPb) x 0.036 [6.5] 
where F is the vertical flux of NH3 (kg N ha-1 h-1); c is a constant derived empirically from 
the numerical model of Wilson et al. (1982) and has a value of 0.1053; Up is the horizontal 
flux of NH3 measured at ZINST in the centre of in the treated area (p.g NHTN m-2 s-l) and 
uPb is background horizontal flux of ammonia. During the night time periods a single passive 
sampler only was mounted on each mast. 
The experiment was run for 8.5 days until September 13, 1989. Due to heavy rainfall 
occurring shortly after urea application a second micrometeorological trial was started on 
September 16, 1989. Urea granules were again broadcast evenly between 0745 and 
0800 hours on to the same circular plot and the NH3 loss was monitored for the next 6 days. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Comparison of applied-N recovered under enclosed and non-enclosed 
environments 
6.3.1.1 Soil moisture and temperature variations 
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Night time soil temperatures were similar for the enclosed and non-enclosed soils, while the 
day time non-enclosed soil temp~ratures were about 2-4 0 C higher than the enclosed soils for 
the majority of the sampling period (Figure 5.6). This caused the non-enclosed soil cores to 
suffer a greater moisture loss than that which occurred in the enclosed cores (Figures 5.7 and 
6.1). Another factor which would have contributed to this moisture loss was the greater air 
movement in the non-enclosed environment compared with that in the enclosures. The air 
movement in the enclosures was estimated as 0.05 m S-l and remained constant during the 
entire study period whilst it ranged from < 1-6 m s-l in the non-enclosed environment 
(Figure 6..2). Note that the wind speeds were very high between 0-1 and 3-5 days following 
urea application which may have contributed greatly to the soil drying which was particularly 
apparent during those periods (Figure 6.1). 
Figure 6.1 Changes In gravimetric soli moisture content against 
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Figure 6.2 Wind speed obtained at 0.7 m height from 0700 h (6-9-1989) - Trial 1 
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6.3.1.2 Urea hydrolysis and ammoniacal-N accumulation rates 
Figure 6.8 Unhydro/ysed urea-N recovered from salls against 
time fol/owing urea application 
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The initial urea hydrolysis (day 1) proceeded.more rapidly in the enclosed soils (from 37 to 
61 % of the applied urea-N unhydrolysed) than in the non-enclosed soils (from 49 to 64% of 
the applied urea-N unhydrolysed) (P ::!> 0.05). Nevertheless, like the enclosed soils 
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(Figure 5.8), hydrolysis was virtually complete in the non-enclosed soils 3 days following 
urea application (Figure 6.3). Consequently, the initial ammoniacal-N accumulation (day 1) 
was also slower in the non-enclosed soils (from 12 to 30% of the applied-N) (Figure 6.4) 
compared with the accumulation in the enclosed soils (from 25 to 37% of the applied-N) 
(Figure 5.9) (P ~ 0.05). 
Figure 6.4 Net ammonlaca/-N recovered from sol/s against time 
fol/owing urea application 
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Despite this slower initial urea hydrolysis rate, the ammoniacal-N concentration in the 
non-enclosed soils for the balance of the sampling period (Le. days 3, 6 and 14) followed a 
similar pattern to that of the enclosed soils. However, the overall retention of the 
ammoniacal-N pool appeared to be greater in the enclosed soils. This may be due to greater 
NH3 volatilisation and/or immobilisation of the applied-N in the non-enclosed soils. 
6.3.1.3 Immobilisation 
lmmobilisation of applied urea-N ranged from 13 to 19% after 14 days in the non-enclosed 
soils (Figure 6.5) which was higher than that in the enclosed soils (5-12%) (Figure 5.10) 
(P ~ 0.01). It is well known that immobilsation rates increase with increasing temperature 
(Haynes, 1986), which is the probable cause of the difference observed here. The rate of 
immobilisation in the non-enclosed cores was very rapid in the Templeton soil with grass 
compared to its bare counterpart (Figure 6.5). This may have been caused by one or more of 
the following conditions: (a) higher microbial activity in the rhizosphere with living roots 
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(Huntjens, 1971) (b) active absorption of gaseous NH3 by the plant tops (porter et ai., 1972; 
Lockyer and Whitehead, 1987) and (c) plant uptake of mineral-N (Keeney and MacGregor, 
1978). However, since the grass cover was only 1 cm tall the higher microbial activity in the 
rhizosphere may have predominated. This high retention of applied.-N was more apparent in 
the non-enclosed soil with grass cover than that which was enclosed. (2 fold higher) 
(Figures 5.10 and 6.5) which probably reflects the effect of the greater day time temperatures 
which prevailed in the outside environment. 
Figure 6.5 Immobilised-N recovered from soils against time 
following urea application 
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6.3.1.4 Nitrification 
12 14 
Apprently the higher outside soil temperature also caused greater nitrification in the 
non-enclosed soils. The nitrification ranged from 2.0 to 9.9% of the applied-N on day 14 in 
the non-enclosed soils (Figure 6.6d and Appendix 7) compared to 0.2-5.5% in the enclosed 
soils (Figure 5.12d and Appendix 5) (P :S 0.01). The N03--N levels found in the soils studied 
under the non-enclosed and enclosed environments after 14 days also differed markedly 
between different soils (P :S 0.01). This indicates that the soils selected for the study had a 
wide range of nitrifying capacities. The soils that showed higher nitrification rateS' in the 
enclosed environment, such as the Templeton and Patumahoe bare soils, also had higher 
levels ofN03--N in the non-enclosed environment (6.0 and 9.9% respectively) after 14 days. 
Figure 6.6 Apparent recovery of applied urea in different N forms 
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6.3.1.5 Subsurface-N 
The amounts of the applied-N found in the non-enclosed Templeton (with grass), Templeton 
(bare), Onepunga, Waikari, Cookson and Patumahoe subsurface soils (2-4 cm) 14 days 
following urea application were 8.8, 6.1, 6.5,7.1,8.8 and 7.3% of the applied-N respectively 
(also see Figure 6.6d). This was greater than (P ~ 0.01) that observed in the enclosed soils 
(2.9-8.8%) (Figure 5. 12d). The greater amount of applied-N recovered from the 2-4 cm soil 
depth in the non-enclosed soils may have been caused by the initially slower urea hydrolysis 
rate (Section 6.3.1.2) coupled with a slightly faster urea diffusion rate than in the enclosed 
soils. Sadeghi et al. (1988) showed that the urea diffusion coefficient increases with 
increasing soil temperature and would therefore be expected to be higher in the non-enclosed 
soils. 
6.3.2 Comparison between active and passive sampling in the micrometeorological 
methods 
6.3.2.1 Triall 
The cumulative NH310sses measured 8 days following urea application from the 20 m radius 
open plot by the active and passive samplers were 8.8 and 5.8% of the applied-N 
respectively. Although this difference was only 3.0% of the applied-N, considering the low 
NH3 losses recorded by the micrometeorological methods this difference appeared to be 
substantial. However, the high LSD values obtained for the day time NH310sses indicated 
that this difference may not be significant due to the high variation within the duplicates of 
the samplers (Figure 6.7). High LSD values are inevitable when dealing with duplicates since 
even a small variation within the duplicates of a treatment can result in relatively large LSD 
values. Such variation was greater within the duplicates of the active samplers and it was 
suspected that this must have been mainly caused by rainfall. The first onset of rain appeared 
2 days following urea application (3 mm) at 0550 hours. The rainfall which occurred on the 
third day was even more substantial (16 mm) and further rainfall was received on the fourth 
day (5 mm). The design of the active sampler inlet pipe was such that rain was able to enter 
through the perforations. Indeed, the sound of trapped water could be clearly heard 
throughout this period. It is highly likely that this water acted as a temporary reservoir for the 
NH3 gas and when the rainfall ceased the dissolved NH3(g) was released during the drying 
process. This may be the reason for the relatively higher NH3 fluxes registered during the 
fourth and fifth days by the active samplers (Figure 6.7). Moreover, the retention of the rain 
water occurred mainly in one gas sampling pipe. This caused problems during the air flow 
measurements and also resulted in water accumulation in one of the active traps. 
Figure 6.7 Half-daily ammonia losses against time following urea 
application (Trial 1 - Micrometeorologicsl methods) 
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Of particular interest is the large discrepancy between the flux estimates made during the 
night time period at the end of the second day. Note that the wind speed over that period was 
generally very high but also highly variable (Figure 6.2), The horizontal fluxes up 
(J,Lg NH3-N m-2 s-l) for the active samplers were calculated from the product of u and p, 
where u is the mean wind speed (m s-l) and p is the mean NH3 concentration in the air 
(J,Lg NHrN m-3) which passed through the trap. It is known that air movement facilitates the 
transport of NH3(g)soil from the source. Some reports suggest that wind speed is highly related 
to the NH310ss from urea broadcast on to soil (Jarvis et al., 1989a and b) whilst others have 
found no such relationship (Denmead et al., 1974; Beauchamp et al., 1978 and 1982). This 
apparent contradiction is because the transfer coefficient for the transport of NH3(g)soil is 
linearly related to the air movement only up to a certain wind velocity (typically less than 
1 m S-I) (Rachhpal-Singh and Nye, 1986c). Above this velocity increasing air movement can 
increase the flux only through soil moisture evaporation losses (Kirk and Nye, 1991a). Under 
the high humidity conditions which prevailed in the present study significant soil moisture 
evaporation losses would not have been large. Thus the relatively high NH3 flux measured by 
the active samplers during the night time period at the end of the second day may have been 
caused by the overestimation of the horizontal flux due to the gusting conditions which 
prevailed. 
On the other hand, the possibility that the passive sampler underestimated the NH3 flux 
during that same high NH3 loss period (day 2) should not be overlooked. As noted previously 
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only one passive sampler was used to monitor the NH3 losses during the night time periods. 
It is therefore inappropriate to speculate further about this particular sampling period except 
to make the general observation that changes in wind direction (as occurred on that night) can 
cause a passive sampler to point directly at the mast. If this occurs as it appeared to on that 
occasion, then some reduction in the estimated horizontal flux would result. 
Figure 6.8 illustrates the relationship between the horizontal flux densities of NH3 monitored 
by both types of samplers. While the origin of the regression line was not significantly 
different from 0, the slope was significantly different from 1 (P ~ 0.05). Similar passive 
samplers as used in the present study have been rigorously tested using wind tunnels for their 
trapping efficiency over a range of known NH3 concentrations and wind speeds and have 
been found suitable over a wide range of conditions (Leuning et aI., 1985). Considering the 
interference by rainfall with the performance of the active samplers and the gusty conditions, 
the measurements made by the active samplers were probably less reliable than those made 
using the passive samplers. 
Figure 6.8 Relationship between horizontal flux densities of NH3 
monitored by active and passive samplers 
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Note that the half-daily NH3 fluxes recorded by both types of samplers (Figure 6.7) did not 
correspond well to the diurnal variation in ambient temperature (Figure 5.6). Several field 
studies have indicated that NH3 loss sustained during day time periods are generally higher 
than those at night due to higher day time temperatures and the influence of temperature on 
the ammoniacal-N solution chemistry (Sections 2.2 and 2.4.2). The rather poor 
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correspondence between NH3 flux and diurnal temperature in the present study may have 
occurred for two main reasons: firstly the cool day time temperatures which prevailed 
throughout the study did not result in marked diurnal temperature changes and secondly the 
source of NH3(aq) available for volatilisation at the soil surface was probably much less than 
in other similar studies due to the effects of rainfall shortly following application of the urea 
granules. The heavy rainfall received during the volatilisation event (24 mm) would have 
been sufficient to transport unhydrolysed urea and ammoniacal-N below the soil surface. 
Numerous reports have shown that the magnitude of the NH310ss from surface-applied urea 
can be substantially reduced if the rainfall occurs before the completion of urea hydrolysis 
(Fox and Hoffman, 1981; Black et al., 1987b; Oberle and Bundy, 1987). Harper et al. (1983) 
emphasised that the hydrolysing urea is the source of NH3 and once the hydrolysis is 
complete, the NH3 flux rate falls to low levels. When the unhydrolysed urea is leached below 
the soil surface NH3 volatilisation is minimal (Fenn and Miyamoto, 1981; Craig and Wollum, 
1982). Generally, about 5 mm rainfall is sufficient to reduce the NH3 efflux substantially 
(Harper et al., 1983). Thus in the present study, with 24 mm total rainfall, urea and its 
products were likely to have been leached below the soil surface and the NH3 volatilisation 
loss would have been severely restricted. 
6.3.2.2 Trial 2 
The cumulative NH310ss after 7 days recorded by the active and passive samplers following 
the second urea application to the same plot were 10.1 and 9.7% of applied-N respectively. 
The half-daily NH3 loss rate obtained from both samplers (Figure 6.9) shows that the NH3 
fluxes measured by both types of samplers were, on this occasion, very similar. The strong 
relationship (Figure 6.10) obtained between the horizontal flux densities monitored by the 
active and passive samplers indicated that both samplers responded consistently under the 
drier, more stable meteorological conditions which prevailed throughout this period (Figure 
6.11). The origin and the slope of the regression line in Trial 2 were not significantly 
different from 0 and 1 respectively (P ~ 0.05). A similar study conducted by Sherlock et al. 
(1989) over a 5 day period following granular urea application at an adjacent experimental 
site measured about 11 and 13% loss of the applied-N as NH3 using a single height (ZINST) 
and a full profile method respectively. These workers also established that the magnitude of 
the NH3 loss recorded by both type of samplers under dry conditions was similar. 
Note that in both Trials 1 and 2 the background horizontal flux values were obtained using a 
single passive sampler. These values were subtracted from those obtained in the treated area 
by the active and passive samplers to determine the net vertical flux for the treated plot. 
McInnes et ai. (1985 and 1986a) emphasised that at low NH3 flux levels a small error made 
in estimating the background NH3 density can substantially increase the error in estimating 
the true NH3 flux from the treated plot. At low NH3 flux levels the sensitivity of the method 
for measuring NH3-N from the acid trap is also important. When the sampling periods are 
Figure 6.9 Ha/f-dal/y ammonia losses against time following urea 
application (Trial 2 - Micrometeorological methods) 
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Figure 6.10 Relationship between horizontal flux densities of NHs 
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also short, the problem is further accentuated due to the often trace amounts of NHTN 
trapped in the acid. In the present study, however, the sampling period (12 hours) employed 
was sufficient to provide cumulative background NH3-N concentrations which were well 
above the sensitivity limit of the chemical analysis. 
Figure 6.11 Wind speed obtained at 0.7m height from 0700 h (16-9-1989)- Trial 2 
Wtnd speed (meter/second) 
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6.3.3 Comparison between the NH3 losses measured by the 15N recovery, enclosure 
and micrometeorological methods 
Despite the greater biological activity observed in the non-enclosed soils (Le. immobilisation 
and nitrification) the total-N accounted for in each of the enclosed and non-enclosed soils at 
each sampling time were very similar (Figure 6.12) (P ~ 0.05). Such remarkable resemblance 
between the amounts of applied-N retained demonstrated also that the N losses sustained 
from both the enclosed and non-enclosed soils must have been similar under cool, 
slow-drying conditions. Several workers have indicated that N recovery methods generally 
overestimate the actual NH310ss from urea because they also include N losses other than 
gaseous NH3 (Marshall and DeBell, 1980; Black et al., 1985a). In the present study, 
however, except for the measurement of possible denitrification, all the other N loss 
pathways have been accounted for. Once measured NH310sses are included, the quantitative 
recovery of N applied to five of the six enclosed soils indicates that for the non-enclosed soils 
also, NH3 volatilisation was the dominant N loss process. 
Figure 6.12 Comparison between the amount of applied-N retained (%) 
in the enclosed and non-enclosed soils at 0-2 em depth 
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Templeton (grass) Templeton (bare) 
100 100 100 
1IIIIIIII Non-encI08ed 
80 80 80 
60 60 60 
40 40 40 
20 20 20 
0 a a 
(3 6 14 (3 6 14 
Waikarl Cookson 
100 100 100 
_ Non-encl08ed 
80 80 80 
60 60 60 
40 40 40 
20 20 20 
0 0 0 
(3 6 14 (3 6 14 
Time fol/owing urea application (Days) 
Onepunga 
IIIIIII!III Non-encl08ed 
BID Enclosed 
(3 6 14 
Patumahoe 
(3 6 14 
143 
The only major difference between the enclosed and non-enclosed treatments (apart from the 
slightly cooler soil temperature within the enclosures) was the continuous air movement in 
the enclosures. Enclosure studies have demonstrated that NH3 fluxes tend to increase with 
increasing air exchange rate up to about 15 volume changes min-1 after which no further flux 
increase occurs (Kissel et al., 1977). The present study employed 16 volume changes min-1 
and thus air movement should not have limited the potential NH3 loss. Moreover, at this rate 
of air exchange, the air movement in the enclosures was calculated as being equivalent to 
0.06 m s-1 wind speed. This was only a small air movement compared to that occurring under 
natural conditions (see Figures 6.2 and 6.11). The lowest mean hourly wind speed measured 
at 20 cm height was 0.42 m s-1. If higher wind movement is conducive to higher overall 
volatilisation (Ryden and Lockyer, 1985; Hargrove et al., 1987), the NH3 loss experienced by 
the non-enclosed soils should have been greater than that in the enclosures. However, the 
amounts of applied-N retained by both the non-enclosed and enclosed soils were comparable. 
It appears therefore that when air movement is not restricted, the potential volatilisation loss 
is unaffected by the wind speed. 
Since the natural wind movement is considerably greater than that employed in the 
enclosures (often more than 60 times), under low humidity conditions soil drying is more 
rapid in the open plots (Black et ai., 1985a). This could result in the inhibition of urea 
hydrolysis. In the present study, however, the soil moisture content of both the enclosed and 
non-enclosed 15N treated soil cores was around 400 g kg-1 throughout the study period 
(Figures 5.7 and 6.1). These observations strongly support the view that under slow-drying 
conditions the recovery of 15N labelled fertiliser within the soil in immobilised and mineral 
forms can be used to calculate the volatilisation potential of soils broadcast with urea. 
As discussed earlier the low NH3 losses recorded by the two micrometeorological methods 
(Trial 1) compared to the 15N recovery and enclosure methods was mainly caused by rainfall. 
Recall that rainfall was excluded from the enclosed and non-enclosed 15N treated plots. 
Consequently, the direct comparison of the losses determined by the micrometeorological 
methods with those of the enclosure and N recovery methods is inappropriate. This is 
unfortunate since an objective of the study was to have been a direct comparison of this sort. 
Nevertheless, it must be noted that the onset of the ftrst rainfall appeared at 0600 hours, two 
days following urea application. Thus it is reasonable to compare the NH310sses monitored 
by the enclosure and micrometeorological methods within the first two days from the 
Templeton soil with grass. The two day cumulative NH3 loss was substantially greater in the 
enclosure (10.6% of the applied-N (Table 5.6)) than measured by the active samplers (5.6%) 
or passive samplers (4.3%) in Triall. Thus apart from the rainfall interference, there 
appeared to have been other factors which also contributed to the lower NH3 flux estimated 
by the micrometeorological methods. Firstly ~ the large plot used in the micrometeorological 
method was at fteld moisture prior to the urea application in contrast to the soil cores which 
were at fteld capacity in both the 15N recovery and enclosure methods. Thus the soil cores 
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used in·the N recovery and enclosure methods had higher NH310ss potential than the large 
plot used in the micrometeorological method (Section 2.4.1.2). 
When Trial 2 was conducted with little rainfall interference, the NH310ss measured was only 
9.5% of the applied-N after 7 days. A loss of 9.5% is comparable with losses measured in a 
similar experiment carried out three years earlier on an adjacent site (Sherlock et al., 1989). 
However, the loss is considerably lower than that measured during the previous experiment 
(Trial 1) using enclosures or that presumed from the non-enclosed soil cores using 15N 
recovery. Substantial grass growth was observed during Trial 2 which may have had some 
influence on the NH3 loss from surface-applied urea. Several studies have shown that urea 
applied to soil with plant cover sustains lower volatilisation losses than that from bare soil 
(Oberle and Bundy, 1987; Black et al., 1989) (Section 2.4.5.3) principally because of lower 
soil surface temperatures beneath plant cover (Oberle and Bundy, 1987) and NH3 absorption 
by plant tops (Denmead et al., 1976 and 1978; Farquhar et al., 1983) (Section 2.4.5.4a). 
Unfortunately no direct comparisons with other methods is possible since no simultaneous 
measurements were performed using other methods. 
6.4 CONCLUSIONS 
The slightly higher soil temperatures experienced by the non-enclosed soils was considered 
responsible for the significantly higher rates of immobilisation and nitrification experienced 
in that treatment compared to their enclosed counterparts (P ~ 0.01). Nevertheless, the close 
agreement between the amounts of applied-N recovered in the soils of the enclosed and 
non-enclosed treatments (P ~ 0.05) indicates that the volatile NH3 losses experienced in both 
of these treatments were also very similar. In addition, when the NH3 losses measured 
directly from the enclosed soils were added to the applied-N recovered in the non-enclosed 
soils, quantitative recovery of the applied-N in 5 of the 6 soils studied was achieved. 
Thus it is concluded that the active enclosure method, as implemented here, did not introduce 
significant experimental artifacts which could alter the volatilisation potential of a soil. 
The occurrence of rainfall shortly after application of urea fertiliser to the 20 m radius 
circular plot (Templeton soil with grass cover) prevented a valid direct comparison (under 
similar environmental conditions) of the micrometeorological method (mass balance) with 
the enclosure and 15N recovery methods. Nevertheless, the considerably lower loss measured 
using the micrometeorological method (7% of the applied-N) compared to 35% measured 
using enclosures (Templeton bare soil) provided useful evidence for the marked influence of 
environmental factors on the magnitude of potential volatilisation losses. The present study 
indicated that the potential for NH3 volatilisation losses can be greatly reduced by the 
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influence of various environmental factors; particularly rainfall, but aJso initial soil moisture 
content and the presence of plant cover. 
The passive samplers used in the micrometeorological method were found to be suitable 
under all weather conditions for monitoring the dynamics and cumulative NH3 flux over 
half-daily sampling periods. They are much more easily used than the more conventional 
active samplers and do not require substantial additional instrumentation and on-site power. 
146 
CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSIONS 
7.1 GENERAL DISCUSSION 
The NH3 loss measurements performed using enclosures were considered to be valid 
indicators of the volatilisation potentials of the soils studied. The main evidence for this was 
the excellent agreement between the amount of applied-1SN recovered in the enclosed and 
non-enclosed soils (Figure 6.12). In addition, the NH3 loss measured directly from the 
enclosed soils, when added to that recovered in the non-enclosed soils, resulted in the 
quantitative recovery of the applied-N in five of the six soils studied. 
It should also be emphasised that the enclosure method as implemented here, measures the 
maximum likely loss of NH3 from soils (i.e. the 'volatilisation potential') under optimal field 
conditions. When conditions are less than optimal for urea hydrolysis (e.g. low initial soil 
moisture content) or when rainfall occurs to move urea and its hydrolysis products below the 
soil surface, then the NH3 losses will be less than indicated by the volatilisation potential of 
that soil (Sections 6.3.2 and 6.3.3). 
A major objective of this current work was to relate the soil physical, chemical and biological 
properties of a range of New Zealand soils to their potential to volatilise NH3 from surface-
applied granular urea fertiliser. This involved the measurement of many soil properties, each 
of which, from an extensive survey of the literature, has been implicated in some way as . 
being important in the volatilisation process. It necessarily involved measuring net 
volatilisation losses from broadcast urea on to unsaturated soils under optimal (for 
volatilisation) field conditions. Two major experiments were conducted. 
Very few of the soil properties known to be of importance in the volatilisation process were 
directly and linearly related to the volatilisation potentials of soils. Various curvilinear 
relationships involving one or more soil properties, and various linear relationships involving 
two or more soil properties, were obtained which were of statistical significance. Most of 
these relationships, however, were valid only for the particular data set (experiment) which 
generated them, and were not valid for the other experiment. Only 'initial micro site pH' 
showed a direct significant linear relationship with volatilisation potential for both major 
field e'.'periments (r = 0.97; P :!i: 0.01) (Chapter 4) (r = 0.94; P :!i: 0.05) (Chapter 5). One of 
these experiments was carried out under warm rapid-drying conditions while the other 
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experiment was conducted under cool slow-drying conditions. To examine the overall effect 
of each individual soil property the data for both major experiments were combined and 
linear correlation tests were performed as carried out previously (Sections 4.3.6 and 5.3.2.7). 
Highly significant correlations were obtained between cumulative NH3 losses (i.e. 
volatilisation potentials) and 'initial microsite pH' (r = 0.92; P :S 0.01) and sand content (%) 
(r = 0.81; P :S 0.01). 
NH310ss (7 days) = -123 + 19.8 (Initial microsite pH) (R2 = 85.4%) 
NH310ss (7 days) = 7.54 + 0.65 (Sand content %) (R2 = 65.5%) 
The highly significant relationship between volatilisation potential and 'initial microsite pH' 
(Table 7.1 and Figure 7.1) is not surprising when the integrating nature of this measurement 
is considered. 
Table 7.1 Linear correlation coefficients obtained from the relationship 
between the cumulative NH310ss and soil properties 
Soil characteristics 
Sand content (%) 
Silt content (%) 
Clay content (%) 
Soil initial pH 
Organic-C content (%) 
Total-N (%) 
Buffered CEC 
KCl hydrolysable-N 
Mineralisable-N 
Urease activity (lab.) 
Hydrolysis rate (field) 
Ca2+ 
Mg2+ 
H+ buffer capacity 
Microsite pH maxima 
Initial microsite pH (8 hours) 
Tmax 
7 day NH3 loss 
0.81 ** 
-0.48 
-0.43 
0.56 
-0.26 
-0.47 
-0.26 
-0.36 
-0.12 
0.23 
0.45 
-0.03 
-0.06 
-0.65 * 
0.67 * 
0.92 ** 
-0.17 
Values between 0.60 and 0.74 are significant at P ~ 0.05 level and above 0.74 are 
significant at P ~ 0.01 level. 
Figure 7.1 Relationship between cumulative ammonia loss (7 days) 
and initial microsite pH (8 hours) 
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It is well known that upon application of granular urea to soil the microsite chemistry is 
gradually modified by the NH3(aq) released during the initial stages of urea hydrolysis 
(Section 2.2). During this period a measure of soil reaction in the microsite should indicate 
the resistance to the initial alkalinity build-Up. The resistance against the alkalinity build-up 
is mainly caused by the H+ supplying capacity of soil (Section 2.5.3). The generation of 
alkaline urea hydrolysis products (NH3(aq) and HC03 -(aq» and their subsequent reaction and 
partial neutralisation by H+ supplying components within the soil are collectively expressed 
in the pH of the soil microsite. This microsite pH changes rapidly throughout the course of a 
volatilisation event (Figures 4.8 and 5.11). The details of the dynamics and the mechanisms 
responsible for these changes were fully reviewed in Chapter 2. 
In essence, the ability of a soil to resist the increase in pH caused by these alkaline products 
should also indicate its ability to protonate volatilisable NH3(aq) throughout the volatilisation 
event and thereby resist volatilisation (Eq. [2.5]). When urea hydrolyses within a soil which 
lacks any ability to resist this increase in pH, a concentrated ammonium bicarbonate 
<NH.tHC03(aq) solution will be produced very rapidly (Section 2.2.1.1). For this poorly 
buffered soil (e.g. Kaharoa) NH3 volatilisation will be maximal. On the other hand, a second 
soil which possesses a high ability to neutralise these alkaline urea hydrolysis prOducts (e.g. 
, 
Patumahoe) will not experience the same rapid increase in micro site pH. While the maximum 
pH attained in this second soil may be similar to that attained by the first soil, it should 
maintain this pH for a shorter period of time. This must result in a greatly reduced 
volatilisation potential compared with the flrst soil which has little or no H+ supplying 
capacity. 
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The laboratory measurement of H+ buffer capacity was indeed significantly related to the 
overall volatilisation potentials of the soils studied (Table 7.1) (r = -0.65; P ::s: 0.05). And as 
mentioned earlier (Section 2.5.3) several workers have already identifled this relationship. 
However, the laboratory assay of H+ buffer capacity was not as highly correlated to 
volatilisation potential as was 'initial microsite pH'. Again this is probably not surprising 
when one considers the similarities and differences between these two types of measurement. 
In both measurements a 'titration' is being performed. In the case of the laboratory 
measurement of H+ buffer capacity this 'titration' is between a strong base (OH-) and the H+ 
supplying capacity of the soil. But in the case of the fleld measurement of 'initial microsite 
pH' a 'titration' is being performed in situ by the weakly basic urea hydrolysis products, 
HC03-(aq) and NH3(aq) themselves (Section 2.5.2.2) Consequently, these findings emphasise 
that future volatilisation potential studies conducted under most environmental conditions 
should iIiclude 'initial microsite pH' measurements as an indicator for H+ buffer capacity 
rather than the OH"titratiori method used in this current and many other studies (e.g. 
Ferguson et a/., 1984; Reynolds and Wolf, 1987b; Stevens et a/., 1989). 
Figure 7.2 Relationship between cumUlative ammonia loss (7 days) 
and sand content (96) 
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The highly significant relationship between 'volatilisation potential and sand content (%) 
(Figure 7.2 and Table 7.1) can be explained in terms of the relative abundance of chemically 
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reactive soil components. Soils with a high sand content are less able to resist pH increases 
caused by urea hydrolysis than those soils with a low sand content. 
Of these two highly significant soil properties, 'initial soil microsite pH' offers the best scope 
for development as an easily obtainable index for volatilisation potential of soils fertilised 
with granular urea. This measurement can be easily carried out in the field although future 
work may show that a laboratory based measurement is equally suitable. 
7.2 GENERAL CONCLUSIONS 
(1) The easily measured soil property, 'initial microsite pH' measured 8 hours following 
urea application, was found to be an excellent index for the NH3 volatilisation potential 
of unsaturated soils possessing a wide range of physical, chemical and biological 
properties fertilised with surface-applied granular urea. 
(2) 'Initial microsite pH' measured 8 hours following urea application is a measurement 
which effectively integrates the individual soil properties which collectively determine 
the potential for NH3 loss from surface-applied granular urea. 
(3) Other soil properties and factors (with the possible exception of sand content) were not 
direcdy related to the volatilisation potentials of soils. 
(4) The enclosure method, provided it adequately simulates external soil temperatures, is an 
effective and accurate method for measuring the volatilisation potentials of soils under 
field conditions. 
(5) Measured volatilisation potentials can be further modified by the environmental factors: 
rainfall, initial soil moisture content and the presence of plant cover. 
(6) Nitrification and immobilisation of applied urea-N have very litde influence on the 
volatilisation potentials of soils fertilised with broadcast granular urea. 
151 
REFERENCES 
Acquaye, D.K. and Cunningham, RK. 1965. Losses of nitrogen by ammonia volatilization 
from surface-fertilized tropical forest soils. Tropical Agriculture 42, 281-292. 
AL-Kanani, T., MacKenzie, AF. and Blenkhorn, H. 1990. The influence of formula 
modifications and additives on ammonia losses from surface-applied urea-ammonium 
nitrate solutions. Fertilizer Research 22,49-59. 
Allison, F.E. 1955. The enigma of soil nitrogen balance sheets. Advances in Agronomy 7, 
213-250. 
Allison, F.E. 1966. The fate of nitrogen applied to soils. Advances in Agronomy 18, 219-258. 
Amrhein, C., Jurinak, J.J. and Moore, W.M. 1985. Kinetics of calcite dissolution as affected 
by carbon dioxide partial pressure. Soil Science Society of America Journal 49, 
1393-1398. 
Avinmelech, Y. and Laber, M. 1977. Ammonia volatilization from soils: Equilibrium 
considerations. Soil Science Society of America Journal 41, 1080-1084. 
Bacon, P.E., Hoult, E.H. and McGarity, J.W. 1986. Ammonia volatilization from fertilizers 
applied to irrigated wheat soils. Fertilizer Research 10, 27-42. 
Ball, R., Keeney, D.R, Theobald, P.W. and Nes, P. 1979. Nitrogen balance in urine affected 
areas of a New Zealand pasture. Agronomy Journal 71, 309-314. 
Ball, P.R and Keeney, D.R. 1983. Nitrogen losses from urine-affected areas of a New 
Zealand pasture, under contrasting seasonal conditions. Proceedings of the XIv 
International Grassland Congress, Kentucky, U.S.A (S.A Smith and V.W. Hays, 
eds.), pp. 342-344. Westview Press, Boulder, Colorado. 
Barraclough, D., Geens, E.L. and Maggs, J.M. 1984. Fate of fertilizer nitrogen applied to 
grassland. II. Nitrogen-15 leaching results. Journal of Soil Science 35, 191-199. 
Barreto, H.J. and Westerman, R.L. 1989. Soil urease activity in winter wheat residue 
management systems. Soil Science Society of America 10urnal53, 1455-1458. 
Beauchamp, E.G., Kidd, G.E. and Thurtell, G. 1978. Ammonia volatilization from sewage 
sludge applied in the field. Journal of Environmental Quality 7,141-146. 
Beauchamp, E.G., Kidd, G.B. and Thurtell, G. 1982. Ammonia volatilization from liquid 
dairy cattle manure in the field. Canadian Journal of Soil Science 62, 11-l9. 
Beyrouty, C.A, Nelson, D.W. and Sommers, L.E. 1988a. Effectiveness ofphosphoroamides 
in retarding hydrolysis of urea surface-applied to soils with various pH and residue 
cover. Soil Science 145, 345-352. 
152 
Beyrouty, C.A, Sommers, L.E. and Nelson, D.W. 1988b. Ammonia volatilization from 
surface-applied urea as affected by several phosphoroamide compounds. Soil Science 
Society of America Journal 52, 1173-1178. 
Bezdicek, D.F., MacGregor, J.M. and Martin, W.P. 1971. The influence of soil-fertilizer 
geometry on nitrification and nitrite accumulation. Soil Science Society of America 
Proceedings 35, 997-1002. 
Black, A.S., Sherlock, RR, Smith, N.P., Cameron, K.C. and Goh, K.M. 1984. Effect of 
previous urine application on ammonia volatilisation from 3 nitrogen fertilisers. New 
Zealand Journal of Agricultural Research 27, 413-416. 
Black, A.S., Sherlock, R.R, Cameron, K.C., Smith, N.P. and Goh, K.M. 1985a. Comparison 
of three field methods for measuring ammonia volatilization from urea granules 
broadcast on to pasture. Journal of Soil Science 36,271-280. 
Black, A.S., Sherlock, RR, Smith, N.P., Cameron, K.C. and Goh, K.M. 1985b. Effects of 
fonn of nitrogen, season and urea application rate on ammonia volatilisation from 
pa.sture. New Zealand Journal of Agricultural Research 28,469-474. 
Black, A.S., Sherlock, RR and Smith, N.P. 1987a. Effect of urea granules size on ammonia 
volatilization from surface-applied urea. Fertilizer Research 11,87-96. 
Black, AS., Sherlock, RR and Smith, N.P. 1987b. Effect of timing of simulated rainfall on 
ammonia volatilization from urea, applied to soil of varying moisture content. Journal 
of Soil Science 38, 679-687. 
Black, A.S., Sherlock, R.R, Smith, N.P. and Cameron, K.C. 1989. Ammonia volatilisation 
from urea broadcast in spring on to autumn-sown wheat. New Zealand Journal of 
Crop and Horticultural Science 17,175-182. 
Blakeley, RL., Hinds, J.A, Kunze, H.E., Webb, E.C. and Zerner, B. 1969. Jack bean urease 
(BC. 3.5.1.5): Demonstration for a carbamoyl-transfer reaction and inhibition by 
hydroxamic acids. Biochemistry 8, 1991-2000. 
Blakeley, R.L., Treston, A., Andrews, R.K. and Zerner, B. 1982. Nickel(II)-promoted 
ethanolysis and hydrolysis of N-(2-pyridylmethyl)urea. A model for urease. Journal 
of American Chemical Society 102, 612-614. 
Blanchar, R.W. 1967. Determination of partial pressure of ammonia in soil air. Soil Science 
Society of America Proceedings 31, 791-795. 
Bouwmeester, R.J.B. and Vlek, P.L.G. 1981. Wind-tunnel simulation and assessment of 
ammonia volatilization from ponded water. Agronomy Journal 73, 546-552. 
Bouwmeester, RJ.B., Vlek, P.L.G. and Stumpe, J.M. 1985. Effect of environmental factors 
on ammonia volatilization from a urea-fertilized soil. Soil Science Society of America 
Journal 49, 376-381. . 
Bowman, D.C., Paul, J.L. and Davis, W.E. 1987. Reducing ammonia volatilization from 
Kentucky bluegrass turf by irrigation. Horticultural Science 22(1), 84-87. 
. Boyd, S.A. and Mortland, M.M. 1985. Urease activity on a clay-organic complex. Soil 
Science Society of America Journal 49, 619-622. 
153 
Bremner, J.M. and Douglas, L.A. 1971a. Inhibition of urease activity in soils. Soil Biology 
and Biochemistry 3,297-307. 
Bremner, J.M. and Douglas, L.A. 1971b. Decomposition of urea phosphate in soils. Soil 
Science Society of America Proceedings 35, 575-578 .. 
Bremner, J.M. and Zantu, M.l. 1975. Enzyme activity in soils at subzero temperatures. Soil 
Biology and Biochemistry 7,383-387. 
Bremner, J.M. and Mulvaney, RL. 1978. Urease activity in soils. In "Soil Enzymes" 
(R.G. Bums, ed.), pp. 146-196. Academic Press, London. 
Bremner, J.M. and Mulvaney, R.L. 1982. Nitrogen-Total. In "Methods of soil analysis" 
(A.L. Page et al., eds.), pp. 596-622. Part 2, Second edition. Agronomy Society of 
America and Soil Science Society of America, Madison, Wisconsin, U.S.A. 
Broadbent, F.E., Hill, O.N. and Tyler, KB. 1958. Transformations and movement of urea in 
soils. Soil Science Society of America Proceedings 22,303-307. 
Broadbent, F.E. and Tyler, K.B. 1962. Laboratory and greenhouse investigations of nitrogen 
immobilization. Soil Science Society of America Proceedings 26, 459-462. 
Broadbent, F.E. and Lewis, T.E. 1964. Notes. Salt formation as a basis of urea retention in 
soils. Soil Science Society of America Proceedings 28, 292-294. 
Brunke, R, Alvo, P., Schuepp, P. and Gordon, R. 1988. Effect of meteorological parameters 
on ammonia loss from manure in the field. Journal of Environmental Quality 17, 
431-436. 
Burch, lA. and Fox, RH. 1989. The effect of temperature and initial soil moisture content 
on the volatilization of ammonia from surface applied urea. Soil Science 147, 
311-318. 
Buresh, R.J., Austin, E.R. and Craswell, E.T. 1982. Analytical methods in lSN research. 
Fertilizer Research 3,37-62. 
Buresh, RJ., Vlek, P.L.G. and Stumpe, J.M. 1984. Labelled nitrogen fertilizer research with 
urea in the semi-arid tropics. I. Greenhouse studies. Plant and Soil 80, 3-19. 
Buresh, R.J. 1987. Ammonia volatilization from point-placed urea in upland, sandy soils. 
Fertilizer Research 12, 263-268. 
\ 
Cabrera, M.L. and Kissel, D.E. 1989. Review and simplification of calculations in lSN tracer 
studies. Fertilizer Research 20, 11-15. 
Cary, J.W. 1966. Soil moisture transport due to thermal gradients: Practical aspects. Soil 
Science Society of America Proceedings 30, 428-433. 
154 
Catchpoole, V.R, Harper, L.A. and Myers, RJ.K. 1983a. Annual losses of ammonia from a 
grazed pasture fertilized with urea. Proceedings of the XN International Grassland 
Congress, Kentucky (S.A. Smith and V.W. Hays eds.), pp. 344-347. Westview Press, 
Boulder, Colorado, U.S.A. 
Catchpoole, V.R, Oxenham, D.J. and Harper, L.A. 1983b. Transformation and recovery of 
urea applied to a grass pasture in south-eastern Queensland. Australian Journal of 
Experimental Agriculture and Animal Husbandry 23, 80-86. 
Chalk, P.M. and Smith, C.J. 1983. Chemodenitrification; In "Gaseous loss of nitrogen from 
plant-soil systems" (J.R Freney and J.R Simpson, eds.), pp. 65-90. Martinus 
Nijhoff/Dr W. Junk, The Hague. 
Chao, T. and Kroontje, W. 1964. Relationships between ammonia volatilization, ammonia 
concentration and water evaporation. Soil Science Society of America Proceedings 28, 
393-395. 
Christianson, C.B., Hedlin, RA. and Cho, C.M. 1979. Loss of nitrogen from soil during 
nitrification of urea. Canadian Journal of Soil Science 59, 147-154. 
Christianson, C.B., Carter, M.F. and Holt, L.S. 1988. Mineralization and nitrification of 
ureaform fertilizers. Fertilizer Research 17, 85-95. 
Christianson, C.B. 1989. Ammonia volatilization from urea nitrophosphate and urea applied 
to the soil surface. Fertilizer Research 19, 183-189. 
Clay, D.E., Malzer, G.L. and Anderson, J.L. 1990. Ammonia volatilization from urea as 
influenced by soil temperature, soil water content, and nitrification and hydrolysis 
inhibitors. Soil Science Society of America Journal 54, 263-266. 
Cochran, V.L., Elliott, L.P. and Lewis, C.E. 1989. Soil microbial biomass and enzyme 
activity in subarctic agricultural and forest soils. Biology and Fertility of Soils 7, 
283-288. 
Cole, C.V. 1957. Hydrogen and calcium relationships of calcareous soils. Soil Science 83, 
141-150. 
Connel, J.H., Meyer, RD., Meyer, J.L. and Carlson, RM. 1979. Gaseous ammonia losses 
following nitrogen fertilization. California Agriculture 33 (1), 11-12. 
Cooke, I.J. 1962. Toxic effects of urea on plants. Damage to plant roots caused by urea and 
anhydrous ammonia. Nature (London) 194, 1262-1263. 
Court, M.N., Stephen, RC. and Waid, J.S. 1962. Nitrite toxicity arising from the use of urea 
as a fertilizer. Nature (London) 194, 1263-1265. 
Court, M.N., Stephen, RC. and Waid, J.S. 1?64a. Toxicity as a cause of the inefficiency of 
urea as a fertilizer. I. Review. Journal of Soil Science 15, 42-48. 
Court, M.N., Stephen, RC. and Waid, J.S. 1964b. Toxicity as a cause of the inefficiency of 
urea fertilizer. II. Experimental. Journal of Soil Science 15,49-65. 
155 
Cowling, D.W. and Lockyer, D.R. 1981. Increased growth of rye grass exposed to ammonia. 
Nature (London) 292, 337-338. 
Craig, IR. and Wollum II, A.G. 1982. Ammonia volatilization and soil nitrogen changes 
after urea and ammonium nitrate fertilization of Pinus Taeda L. Soil Science Society 
of America Journal 46, 409-414. 
Craswell, E.T. 1976. Isotopic studies of the nitrogen balance in a cracking clay. N. Fate of 
the three nitrogen fertilizers in fallow soil in the field. Australian Journal of Soil 
Research 14, 75-83. 
Curtin, D. and Smillie, G.W. 1976. Estimation of components of soil cation exchange 
capacity from measurements of specific surface and organic matter. Soil Science 
Society of America Journal 40, 461-462. 
Curtin, D., Huang, P.M. and Rostad, H.P.W. 1987. Components and particle size distribution 
of soil titratable acidity. Soil Science Society of America JournalSl, 332-336. 
Dalal, RC. 1975. Urease activity in some Trinidad soils. Soil Biology and Biochemistry 7, 
5-8. 
Dash, M.C., Mishra, P.C., Mohanty, RK. and Bhatt, N. 1981. Effects of specific conductance 
and temperature on urease activity in some Indian soils. Soil Biology and 
Biochemistry 13, 73-74. 
De Boer, W., Duyts, H. and Laanbroek, H.J. 1989. Urea stimulated autotrophic nitrification 
in suspensions of fertilized, acid heath soil. Soil Biology and Biochemistry 21, 
349-354. 
Denmead, D.T., Simpson, J.R and Freney, IR 1974. Ammonia flux into the atmosphere 
from a grazed pasture. Science 18S, 609-610. 
Denmead, D.T., Freney, lR and Simpson, IR 1976. A closed ammonia cycle within a 
plant canopy. Soil Biology and Biochemistry 8, 161-164. 
Denmead, D.T., Nulsen, Rand Thurtell, G.W. 1978. Ammonia exchange over a com crop. 
Soil Science Society of America Journal 42, 840-842. 
Denmead, D.T., Freney, J.R and Simpson, IR 1982. Dynamics of ammonia volatilization 
during furrow irrigation of maize. Soil Science Society of America Journal 46, 
149-155. 
Denmead, D.T. 1983. Micrometeorological methods for measuring gaseous losses of nitrogen 
in the field. In "Gaseous Loss of Nitrogen from Plant-Soil Systems" (J.R-Freney and 
J.R Simpson, eds.), pp. 1-32. Martinus Nijhoff/Dr. W. Junk, The Hague. 
Dkhar, M.S. and Mishra, RR 1983. Dehydrogenase and urease activities of maize (Zea 
mays L.) field soils. Plant and Soil 70, 327-333. 
156 
Douglas, L.A. and Bremner, J.M. 1970. Extraction of colorimetric determination of urea in 
soils. Soil Science Society of America Proceedings 34, 859-862. 
Douglas, J. and Cochrane, J. 1989. A review of nitrogen in New Zealand and overseas. 
Proceedings of the Workshop "Nitrogen in New Zealand Agriculture and 
Horticulture" (RE .. White andL.D. Currie, eds.), pp. 7-27. F.L.RC., Massey 
University, Palmers ton North, New Zealand. 
Drury, C.F., Tel, D.A and Beauchamp, E.G. 1987. 15N analysis ofhigbly enriched samples 
on a mass spectrometer. Canadian Journal of Soil Science 67, 779-785. 
Du Plessis, M.C.F. and Kroontje, W. 1966. The effect of carbon dioxide on the 
chemisorption of ammonia by base-saturated clays. Soil Science Society of America 
Proceedings 30, 693-696. 
Du Preez, C.C. and Burger, RDu T. 1988. Ammonia losses from ammonium-containing and 
-forming fertilizers after surface application at different rates on alkaline soils. 
Fertilizer Research 15, 71-78. 
Edwards, AC. and Killham, K. 1986. The effect of freeze/thaw on gaseous nitrogen loss 
from upland soils. Soil Use and Management 2, 86-91. 
Ernst, J.W. and Massey, H.F. 1960. The effects of several factors on volatilization of 
ammonia formed from urea in the soil. Soil Science Society of America Proceedings 
24,87-90. 
Ellington, A 1986. Ammonia volatilization losses from fertilizers applied to acid soil in the 
field. Fertilizer Research 8, 283-296. 
Farquhar, G.D., Wetselaar, R. and Firth, P.M. 1979. Ammonia volatilization from senescing 
leaves of maize. Science 203, 1257-1258. . 
Farquhar, G.D., Firth, P.M., Wetselaar, R and Weir, B. 1980. On the gaseous exchange of 
ammonia between leaves and the environment: Determination of the ammonia 
compensation point. Plant Physiology 66, 710-714. 
Farquhar, G.D., Wetselaar, R. and Weir, B. 1983. Gaseous nitrogen losses from plants. In 
"Gaseous Loss of Nitrogen from Plant-Soil Systems" (J.R Freney and J.R Simpson, 
eds.), pp. 159-180. Martinus Nijhoff/Dr. W. Junk, The Hague. 
Feagley, S.E. and Hossner, L.R 1978. Ammonia volatilization reaction mechanism between 
ammonium sulfate and carbonate systems. Soil Science Society of America Journal 
42,364-367. 
Fenn, L.B. and Kissel, D.E. 1976. The influence of cation exchange capacity and,depth of 
. incorporation on ammonia volatilization from ammonium compounds applied to 
calcareous soils. Soil Science Society .of America Journal 40, 394-398. 
Fenn, L.B., Matocha, J.E. and Wu, E. 1981a. Ammonia losses from surface-applied urea and 
ammonium fertilizers as influenced by rate of soluble calcium. Soil Science Society of 
America Journal 45, 883-886. 
Fenn, L.B., Matocha, J.E. and Wu, E. 1981b. A comparison of calcium carbonate 
precipitation and pH depression on calcium-reduced ammonia loss from surface-
applied urea. Soil Science Society of America J ournal45, 1128-1131. 
157 
Fenn, L.B., Taylor, RM. and Matocha, J.E. 1981c. Ammonia losses from surface applied 
urea as controlled by presence of soluble calcium: general theory. Soil Science Society 
of America Journal 45, 777-781. 
Fenn, L.B. and Miyamoto,S. 1981. Ammonia loss and associated reactions of urea in 
calcareous soils. Soil Science Society of America Journal 45, 537-540. 
Fenn, L.B., Matocha, J.E. and Wu, E. 1982a. Soil cation exchange capacity effects on 
ammonia loss from surface-applied urea in the presence of soluble calcium. Soil 
Science Society of America Journal 46, 78-81. 
Fenn, L.B. Matocha, J.E. and Wu, E. 1982b. Substitution of ammonium and potassium for 
added calcium in reduction of ammonia loss from surface-applied urea. Soil Science 
Society of America Journal 46, 771-776. 
Fenn, L.B. and Hossner, L.R 1985. Ammonia volatilisation from ammonium or ammonium-
forming nitrogen fertilizers. Advances in Soil Science 1, 123-169. 
Fenn, L.B. and Richards,J. 1986. Ammonia loss from surface applied urea-acid products. 
Fertilizer Research 9,265-275. 
Fenn, L.B. and Wu, E. 1987. Effect of ammonium fertilizer on NH310ss and Ca, Mg, 
ammonium and nitrate content in a calcareous soil solution. Fertilizer Research 5, 
171-174. 
Fenn, L.B. 1988. Effects of initial soil calcium content on ammonia losses from surface-
applied urea and calcium-urea. Fertilizer Research 16, 207-216. 
Fenn, L.B., Tatum, G. and Horst, G. 1990. Ammonia losses from surface-placed mixtures of 
urea-calcium-potassium salts in the presence of phosphorus. Fertilizer Research 21, 
125-131. 
Ferguson, R.B., Kissel, D.E., Koelliker, IK. and Basel, W. 1984. Ammonia volatilization 
from surface-applied urea: Effect of hydrogen ion buffering capacity. Soil Science 
Society of America Journal 48, 578-582. 
Ferguson, RB. and Kissel, D.E. 1986. Effects of soil drying on ammonia volatilization from 
surface-applied urea. Soil Science Society of America Journal 50, 485-490. 
Ferguson, R.B., McInnes, K.J., Kissel, D.E. and Kanemasu, E.T. 1988. A comparison of 
methods of estimating ammonia volatilization in the field. Fertilizer Research 15, 
55-69. 
Fillery, I.RP. 1983. Biological denitrification. In "Gaseous Loss of Nitrogen from Plant-Soil 
Systems" (lR. Freney and IR Simpson, eds.), pp. 33-64. Martinus NijhofflDr. W. 
Junk, The Hague. 
Fillery, I.R.P., Simpson, J.R. and De Datta, S.K. 1984. Influence of field environment and 
fertilizer management on ammonia loss from flooded rice. Soil Science Society of 
America Journal 48, 914-920. 
Fillery, I.R.P. and De Datta, S.K. 1986a. Ammonia volatilization from nitrogen sources 
applied to rice fields: 1. Methodology, ammonia fluxes, and nitrogen-15 loss. Soil 
Science Society of America Journal 50, 80-86. 
158 
Fillery, I.R.P., Roger, P.A. and De Datta, S.K. 1986b. Ammonia volatilization from nitrogen 
sources applied to rice fields: II. Floodwater properties and submerged photosynthetic 
biomass. Soil Science Society of America Journal 50, 86-91. 
Fleisher, Z. and Hagin, J. 1981. Lowering ammonia volatilization losses from urea 
application by activation of nitrification process. Fertilizer Research 2, 101-107. 
Fox, R.H. and Hoffman, L.D. 1981. The effect of N fertilizer source on grain yield, N uptake, 
soil pH, and lime requirement in no-till corn. Agronomy Journal 73, 891-895 . 
. Francis, G.S. and Haynes, R.J. 1991. The leaching and chemical transportation of surface-
applied urea under flood irrigation. Fertilizer Research 28, 139-146. 
Frankenberger, Jr., W.T. and Tabatabai, M.A 1982. Amidase and urease activities in plants. 
Plant and Soil 64, 153-166. 
Frankenberger, Jr., W.T. and Dick, W.A. 1983. Relationships between enzyme activities and 
microbial growth and activity indices in soil. Soil Science Society of America Journal 
47,945-951. 
Freney, J.R., Simpson, lR. and Denmead, a.T. 1981. Ammonia volatilization. In . 
"Terrestrial Nitrogen Cycles: Processes, Ecosystem Strategies and Management 
Impacts" (F.E. Clark and T. Rosswall, eds.), pp. 291-302. Ecological Bulletins, 
Stockholm. 
Freney, J.R., Simpson, J.R. and Denmead, a.T. 1983. Volatilization of ammonia. In 
"Gaseous Loss of Nitrogen from Plant-Soil Systems" (J.R. Freney and J.R. Simpson, 
eds.), pp. 1-32. Martinus Nijhoff/Dr. W. Junk, The Hague. 
Freney, J.R., Leuning, R., Simpson, lR., Denmead, a.T. and Muirhead, W.A 1985a. 
Estimating ammonia volatilization from flooded rice fields by simplified techniques. 
Soil Science Society of America Journal 49, 1049-1054. 
Freney, J.R., Simpson, J.R., Denmead, a.T., Muirhead, W.A. and Leuning, R. 1985b. 
Transformation and transfers of nitrogen after irrigating a cracking clay soil with urea 
solution. Australian Journal of Agricultural Research 36,685-694. 
Freney, J.R. and Black, AS. 1988. Importan~e of ammonia volatilization as a loss process. 
In "Advances in Nitrogen Cycling in Agricultural Ecosystems", (1R. Wilson, ed.), 
pp. 156-173. CAB International, Wallingford, axon, U.K. . 
Galstyan, Sh.A 1982. Stability of soil enzymes. Soviet Soil Science 14 (2), 40-42. 
159 
Gameh, M.A., Angle, J.S. and Axley, J.H. 1990. Effects of urea-potassium chloride and 
nitrogen transformations on ammonia volatilization from urea. Soil Science Society of 
America Journal 54, 1768-1772. 
Gandhi, A.P. and Paliwal, K.V. 1976. Mineralization and gaseous losses of nitrogen from 
urea and ammonium sulphate in salt-affected soils. Plant and Soil 45, 247-255. 
Garrels, RM. and Christ, C.L. 1965. Solutions, Minerals and Equilibria, pp. 1-91. Harper and 
Row, New York. 
Gasser, J.K.R. 1964. Some factors affecting losses of ammonia from urea and ammonium 
sulphate applied to soils. Journal of Soil Science 15, 258-272. 
Gerrits, lP.G. 1977. The significance of gypsum applied to mushroom compost, in particular 
in relation to the ammonia content. Netherlands Journal of Agricultural Science 25, 
288-302. 
Gillman, G.P. and Bristow, K.L. 1990. Effect of surface application of urea, ammonium 
. sulfate and lime on exchangeable cation distribution in an Inceptisol in humid tropical 
Queensland. Australian Journal of Soil Research 28, 39-53. 
Gianello, C. and Bremner, J.M. 1986. Comparison of methods assessing potentially available 
organic N in soil. Communications in Soil Science and Plant Analysis 17, 215-236. 
Gordon, R., Leclerc, M., Schuepp, P. and Brunke, R. 1988. Field estimates of ammonia 
volatilization from swine manure by a simple micrometeorological technique. 
Canadian Journal of Soil Science 68, 369-380. 
Gould, W.D., Cook, F.D. and Webster, G.R. 1973. Factors affecting urea hydrolysis in 
several Alberta soils. Plant and Soil 38, 393-401. 
Gould, W.D., Hagedorn, C. and McCready, R.G.L. 1986. Urea transformation and fertilizer 
efficiency in soil. Advances in Agronomy 40, 209-238. 
Gradwell, M.W. 1972. Methods for Physical Analysis of Soil. N.Z. Soil Bureau Scientific 
Report., lOC, DSIR, Wellington. 
Grasshoff, K. 1969. A simultaneous multiple channel system for nutrient analysis in sea 
water with analog and digital data record. Advances in Automated Analysis 
(Technicon International Congress) 2, 133-145. 
Grewal, K.S., Buchan, G.D. and Sherlock, R.R. 1991. A comparison of three methods of 
organic carbon determination in some New Zealand soils. Journal of Soil Science 42, 
251-257. 
Guthrie, T.F. and Bomke, A.A. 1981. Effect~ of low temperatures and nitrification inhibitors 
on urea hydrolysis. Canadian Journal of Soil Science 61, 529-532. ' 
Hargrove, W.L. and Kissel, D.E. 1979. Ammonia volatilization from surface applications of 
urea in the field and laboratory. Soil Science Society of America Journal 43, 359-363. 
160 
Hargrove, W.L., Bock, B.R, Raunikar, RA. and Urban, W.J. 1987. Comparison of a forced-
draft technique to nitrogen-IS recovery for measuring ammonia volatilization under 
field conditions. Soil Science Society of America JournalS1, 124-128. 
Harper, L.A, Catchpoole, V.R., Davis, R and Weir, KL. 1983. Ammonia volatilization: 
Soil, plant, and microclimate effects on diurnal and seasonal fluctuations. Agronomy 
Journal7S, 212-218. 
Hauck, RD. 1984. Significance of nitrogen fertilizer microsite reactions in soil. In "Nitrogen 
in Crop Production" (R.D. Hauck, ed.), pp. 507-519. American Society of Agronomy, 
Madison, Wisconsin, U.S.A. 
Haynes, RJ. 1986a. The decomposition process: mineralization, immobilization, humus 
formation, and degradation. In "Mineral Nitrogen in the Plant-Soil System" 
(R.J. Haynes, ed.), pp. 52-126. Physiology Ecology, Academic Press, Inc., Orlando. 
Haynes, RJ. 1986b. Nitrification. In "Mineral Nitrogen in the Plant-Soil System" 
(R.J. Haynes, ed.), pp. 127-165. Physiology Ecology, Academic Press, Inc., Orlando. 
Haynes, R.I. and Sherlock, RR 1986. Gaseous losses of nitrogen. In "Mineral Nitrogen in 
the Plant-Soil System" (R.J. Haynes, ed.), pp. 242-302. Physiological Ecology, 
Academic Press, Inc., Orlando. 
Higashida, S. and Takao, K 1985. Seasonal changes in microbial activities in the sUrface soil 
of a grassland. Soil Science and Plant Nutrition 31, 647-651. 
Hoff, ID., Nelson, D.W. and Sutton, AL. 1981. Ammonia volatilization from liquid swine 
manure applied to cropland. Journal of Environmental Quality 10, 90-95. 
Hooker, M.L., Sander, D.H., Peterson, G.A. and Daigger, L.A. 1980. Gaseous N losses from 
winter wheat. Agronomy Journal 72, 789-792. 
Hoult, E.H. and McGarity, IW. 1978. Predicting fertilizer interception by swards. Journal of 
the British Grassland Society 33,57-60. 
Hoult, E.H. and McGarity, IW. 1986. The measurement and distribution of urease activity in 
a pasture system. Plant and Soil 93, 359-366. 
Hoult, E.H. and McGarity, J.W. 1987. The influence of sward mass, defoliation and watering 
on ammonia volatilization losses from an Italian ryegrass sward topdressed with urea. 
Fertilizer Research 13, 199-207. 
Humphreys, E., Freney, J.R., Muirhead, W.A, Denmead, O.T., Simpson, J.R., Leuning, R, 
Trevitt, A.C.F., Obcemea, W.N., Wetselaar, Rand Cai Gui-Xin. 1988. Loss of 
ammonia after application of urea at different times to dry-seeded, irrigated rice. 
Fertilizer Research 16, 47-57. 
Hun~ens, IL.M. 1971. The influences of living plants on mineralisation and immobilisation 
of nitrogen. Plant and Soil 35, 77-94 
161 
Hutchinson, G.L., Millington, RJ. and Peters, D.B. 1972. Atmospheric ammonia: Absorption 
by plant leaves. Science 175, 771-772. 
Hutchinson, G.L., Moseir, A.R and Andre, C.E. 1982. Ammonia and amine emissions from 
a large cattle feedlot. Journal of Environmental Quality 11, 288-293. 
Izaurralde, RC., Kissel, D.E. and Cabrera, M.L. 1987. Titratable acidity to estimate ammonia 
retention. Soil Science Society of America Journal 51, 1050-1054. 
Jackson, J.E. and Burton, G.W. 1962. Influence of sod treatment and nitrogen placement on 
the utilization of urea nitrogen by Coastal bermudagrass. Agronomy Journal 54, 
47-49. 
James, D.W. and Harward, M.E. 1964. Competition of NH3 and H20 for adsorption sites on 
clay minerals. Soil Science Society of America Proceedings 28, 636-644. 
Janzen, H.lI. and Bruinsma, Y. 1989. Methodology for the quantification of root and 
rhizosphere nitrogen dynamics by exposure of shoots to 15N labelled ammonia. Soil 
Biology and Biochemistry 21, 189-196. 
Jarvis, S.C., Hatch, D.J. and Lockyer, D.R 1989a. Ammonia fluxes from grazed grassland: 
annual losses from cattle production systems and their relation to nitrogen inputs. 
Journal of Agricultural Science 113, 99-108. 
Jarvis, S.C., Hatch, DJ. and Roberts, D.H. 1989b. The effects of grassland management on 
nitrogen losses from grazed swards through ammonia volatilization; the relationship 
to excretal N returns from cattle. Journal of Agricultural Science 112, 205-216. 
Jones, Jr., J.B. 1979. The scientific reviewer. Communications in Soil Science and Plant 
Analysis 10, 1355-1359. 
Jordan, C. 1989. The effect of fertiliser type and application rate on denitrification losses 
from cut grassland in Northern Ireland. Fertilizer Research 19, 45-55. 
Kandeler, E. and Gerber, H. 1988. Short-term assay of soil urease activity using colorimetric 
determination of ammonium. Biology and Fertility of Soils 6,68-72. 
Khan, D.H. and Haque, M.Z. 1965. Volatilisation loss of nitrogen from urea added to some 
soils of East Pakistan. Journal of the Science of Food and Agriculture 16, 725-729. 
Katyal, I.C., Singh, B., Vlek, P.L.G. and Buresh, RI. 1987. Efficient nitrogen use as affected 
by urea application and irrigation sequence. Soil Science Society of America Journal 
51, 366-370. 
Keeney, D.R. and Bremner, 1M. 1966. Comparison and evaluation of laboratory methods of 
obtaining an index of soil nitrogen availability. Agronomy Journal 58,498-503. 
Keeney, D.R and MacGregor, A.N. 1978. Short-term cycling of 15N-urea in a ryegrass-white 
clover pasture. Journal of Agricultural Research 21, 443-448. 
Kern,n.M. 1960. The hydration of carbon dioxide. Journal of Chemical Education 37, 
14-23. 
162 
Khaziyev, F.Kh. and Khabirov, I.K. 1983. Physiographic factors and enzymatic activity of 
soils. Soviet Soil Science 15 (6), 23-31. 
Kiese, M. and Hastings, A.B. 1940. The catalytic hydration of carbon dioxide. Journal of 
Biological Chemistry 132, 267-280. 
Kirk, G.J.D. and Nye, P.H. 1991a. A model of ammonia volatilization from applied urea. V. 
The effects of steady-state drainage and evaporation. Journal of Soil Science 42, 
103-113. 
Kirk, G.J.D. and Nye, P.H. 1991b. A model of ammonia volatilization from applied urea. VI. 
The effects of transient-state water evaporation. Journal of Soil Science 42, 115-125. 
Kissel, D.E., Brewer, H.L. and Arkin, G.F. 1977. Design and test of a field sampler for 
ammonia volatilization. Soil Science Society of America Journal 41, 1133-1138. 
Kissel, D.E., Cabrera, M.L. and Ferguson, RB. 1988. Reactions of ammonia and urea 
hydrolysis products with soil. Soil Science Society of America Journal 52, 1793-1796. 
Klein, T~M. and Koths, J.S. 1980. Urease, protease, and acid phosphotasein soil 
continuously cropped to corn by conventional or no-tillage methods. Soil Biology and 
Biochemistry 12, 293-294. 
Kowalenko, C.G. and Cameron, D.R 1976. Nitrogen transformation in an incubated soil as 
affected by combinations of moisture content and temperature and adsorption-fixation 
of ammonium. Canadian Journal of Soil Science 56, 63-70. 
Kresge, C.B. and Satchell, D.P. 1960. Gaseous loss of ammonia from nitrogen fertili'zers 
applied to soils. Agronomy Journal 52, 104-107. 
Kumar, V. and Wagenet, RJ. 1984. Urease activity and kinetics of urea transformation in 
soils. Soil Science 137, 263-269. 
Kumar, V. and Wagenet, RJ. 1985. Salt effects on urea hydrolysis and nitrification during 
leaching through laboratory soil columns. Plant and Soil 85, 219-227. 
Kumar, V., Yadav, D.S. and Singh, M. 1988. Effects of urea rates, farmyard manure, CaC03, 
salinity and alkalinity levels on urea hydrolysis and nitrification in soils. Australian 
Journal of Soil Research 26,367-374. 
Ladd, J.N., Parsons, J,W. and Amato, M. 1977. Studies of nitrogen immobilization and 
mineralization in calcareous soils-II. Mineralization of immobilized nitrogen from 
soil fractions of different particle size and density. Soil Biology and Biochemistry 9, 
319-325. 
Lauer, D.A., Bouldin, D.R and Klausner, S.D. 1976. Ammonia volatilization from dairy 
manure spread on the soil surface. Journal of Environmental Quality 5, 134-141. 
Legg, J.O. and Meisinger, J.J. 1982. Soil nitrogen budgets. In "Nitrogen in Agricultural 
Soils", Agronomy 22 (F.J. Stevenson, ed.), pp. 503-566. American Society of 
Agronomy, Madison, Wisconsin, U.S.A 
Lemon, E. and Van Houtte, R. 1980. Ammonia exchange at the land surface. Agronomy 
Journal 72, 876-883. 
163 
Leuning, R, Freney, J.R, Denmead, O.T. and Simpson, J.R 1985. A sampler for measuring 
atmospheric ammonia flux. Atmospheric Environment 19, 1117-1124. 
Lightner, J.W., Mengel, D.B. and Rhykerd, C.L. 1990. Ammonia volatilization from nitrogen 
fertilizer surface applied to Orchardgrass sod. Soil Science Society of America Journal 
54, 1478-1482. 
Lindau, C.W., Reddy, KR., Lu, W., Khind, C.S., Pardue, J.H. and Patrick, Jr., W.H. 1989. 
Effect of redox potential on urea hydrolysis and nitrification in soil suspensions. Soil 
Science 148, 184-190. 
Lockyer, D.R 1984. A system for the measurement in the field oflosses of ammonia through 
-volatilisation. Journalofthe Science of Food and Agriculture 35,837-848. 
Lockyer, D.R and Whitehead, D.C. 1986. The uptake of gaseous ammonia by the leaves of 
Italian ryegrass. Journal of Experimental Botany 37,919-927. 
Lockyer, D.R and Whitehead, D.C. 1987. Gaseous ammonia as a source of nitrogen for 
grass. Journal of the Science of Food and Agriculture 38, 329-330. 
Lloyd, A.B. and Sheaffe, M.J. 1973. Urease activity in soils. Plant and Soil 39, 71-80. 
Lyster, S., Morgan, M.A and O'Toole, P. 1980. Ammonia volatilization from soils fertilized 
with urea and ammonium nitrate. Journal of Life Science Research Dublin Society 1, 
167-176. 
MacKown, C.T. and Tucker, T.C. 1985. Ammonium nitrogen movement in a coarse-textured 
soil amended with zeolite. Soil Science Society of America Journal 49, 235-238. 
Magalhaes, AM.T., Nelson, D.W. Chalk, P.M. 1987. Nitrogen transformations during 
hydrolysis and nitrification of urea. 1. Effect of soil properties and fertilizer 
placement. Fertilizer Research 11, 161-172. 
Magdoff, F.R and Bartlett, RJ. 1985. Soil pH buffering revisited. Soil Science Society of 
America Journal 49, 145-148. 
Makarov, B.N. and Gerashchenko, L.B. 1984. Losses of nitrogen as gaseous ammonia and 
nitrogen dioxide from sod alluvial sandy loams. Soviet Soil Science 16 (2), 54-59. 
Malhi, S.S. and Nyborg, M. 1979. Rate of hydrolysis of urea as influenced by thiourea and 
pellet size. Plant and Soil 51, 177-186. 
Malo, B.A and Purvis, E.R. 1964. Soil absorption of atmospheric ammonia. Soil Science 97, 
242-247. 
164 
Marshall, V.G. and DeBell, D.S. 1980. Comparison of four methods of measuring 
volatilization losses of nitrogen following urea fertilization of forest soils. Canadian 
Journal of Soil Science 60,549-563. 
Martens, D.A. and Bremner, J.M. 1989. Soil properties affecting volatilization of ammonia 
from soils treated with urea. Communications in Soil Science and Plant Analysis 20. 
1645-1657. 
Martin, J.P. and Chapman, H.D. 1951. Volatilization of ammonia from surface-fertilized 
soils. Soil Science 71, 25-34. 
McGarity, J.W. and Myers, M.G. 1967. A survey of urease activity in soils of Northern New 
South Wales. Plant and Soil 27, 217-238. 
McGarity. J.W. and Hoult, E.H. 1971. The plant component as a factor in ammonia 
volatilization from pasture swards. Journal of the British Grassland Society 26, 
31-34. 
McGarity, IW. and Rajaratnam, J.A. 1973. Apparatus for the measurement of losses of 
nitrogen as gas from the field and simulated field environments. Soil Biology and 
Biochemistry 5, 121-131. 
McGarry, S.J., O'Toole, P. and Morgan, M.A. 1987. Effects of soil temperature and moisture 
content on ammonia volatilization from urea-treated pasture and tillage soils. Irish 
Journal of Agricultural Research 26, 173-182. 
McInnes, K.J., Kissel, D.E. and Kanemasu, E.T. 1985. Estimating ammonia flux: A 
comparison between the integrated horizontal flux method and theoretical solutions of 
the diffusion profile. Agronomy Journal 77, 884-889. 
McInnes, K.J., Ferguson, R.B., Kissel, D.E. and Kanemasu, E.T. 1986a. Field measurements 
of ammonia loss from surface applications of urea solution to bare soil. Agronomy 
J ournal7S, 192-196. 
McInnes, K.J., Ferguson, R.B., Kissel, D.E. and Kanemasu, E.T. 1986b. Ammonia loss from 
applications of urea-ammonium nitrate solution to straw residue. Soil Science Society 
of America Journal 50, 969-974. 
Mees, G.C. and Tomlinson, T.E. 1964. Urea as a fertilizer. Ammonia evolution and brairding 
of wheat. Journal of Agricultural Research 62, 199-205. 
Miller, A.G. and Colman, B. 1980. Evidence for HC03 - transport by the blue-green alga 
(Cyanobacterium) Coccochloris peniocystis. Plant Physiology 65,397-402. 
Moe, P.G. 1967. Nitrogen losses from urea as affected by altering soil urease activity. Soil 
Science Society of America Proceedirtgs 31, 380-382. 
Mohammed, I.H., Scotter, D.R. and Gregg, P.E.H. 1984. The short-term fate of urea applied 
to barley in a humid climate. 1. Experiments. Australian Journal of Soil Research 22, 
173-180. 
165 
Mortland, M.M. 1958. Reactions of ammonia in soils. Advances in Agronomy 10, 325-348. 
Moyo, C.c., Kissel, D.E. and Cabrera, M.L. 1989. Temperature effects on soil urease 
activity. Soil Biology and Biochemistry 21, 935-938. 
Mulvaney, R.L. and Bremner, J.M. 1981. Control of urea transformations in soils. Soil 
Biochemistry 5,153-196. 
Musa, M.M. 1968. Nitrogenous fertilizer transformations inthe Sudan Gezira soil. I. 
Ammonia volatilization losses following surface applications of urea and ammonium 
sulphate. Plant and Soil 28, 413-421. 
Nannipieri, P., Ciardi, C. and Palazzi, T. 1985. Plant uptake, microbial immobilization, and 
residual soil fertilizer of urea-nitrogen in a grass-legume association. Soil Science 
Society of America Journal 49, 452-457. 
Nannipieri, P., Ciardi, C., Palazzi, T. and Badalucco, L. 1990. Short-term nitrogen reactions 
following the addition of urea to a grass-legume association. Soil Biology and 
Biochemistry 22, 549-553. 
Nelson, D.W. 1982. Gaseous losses of nitrogen other than through denitrification. In 
"Nitrogen in Agricultural Soils" (F.I. Stevenson, ed.), pp. 327-363. American Society 
of Agronomy, Madison, Wisconsin, U.S.A . 
. Nelson, K.E., Turgeon, A.J. and Street, I.R. 1980. Thatch influence on mobility and 
transformation of nitrogen carriers applied to turf. Agronomy Journal 72, 487-492. 
Nommik:, H. 1966. Use of micro-plot technique for studying gaseous loss of ammonia from 
added nitrogen materials under field conditions. Acta Agriculturae Scandinavica 16, 
147-154. 
Nommik, H. 1973. The effect of pellet size on the ammonia loss from urea applied to forest 
soil. Plant and Soil 39, 309-318. 
Nommik:, H. and Vahtras, K. 1982. Retention and fixation of ammonium and ammonia in 
soils. In "Nitrogen in Agricultural Soils" (F.I. Stevneson ed.), pp. 123-171. American 
Society of Agronomy, Madison, Wisconsin, U.S.A. 
Oberle, S.L. and Bundy, L.G. 1987. Ammonia volatilization from nitrogen fertilizers surface-
applied to corn (Zea mays) and grass pasture (Dactylis glomerata). Biology and 
Fertility of Soils 4, 185-192. 
O'Deen, W.A. 1989. Wheat volatilized ammonia and resulting nitrogen isotopic 
fractionation. Agronomy Journal 81, 980-985. 
Okereke, G.U. and Meints, V.W. 1985. Imm~diate immobilization of labeled ammonium 
sulfate and urea nitrogen in soils. Soil Science 140, 105-109. 
166 
O'Toole, P., Morgan, M.A. and McAleese, D.M. 1982. Effects of soil properties, temperature 
and urea concentration on patterns and rates of urea hydrolysis in some Irish soils. 
Irish Journal of Agricultural Research 21, 185-197. 
O'Toole, P., McGarry, S.J. and Morgan, M.A. 1985a. Ammonia volatilization from urea-
treated pasture and tillage soils: effects of soil properties. Journal of Soil Science 36, 
613-620. 
O'Toole, P., Morgan, M.A. and McGarry, S.J. 1985b. A comparative study of urease 
activities in pasture and tillage soils; Communication in Soil Science and Plant 
Analysis 16, 759-773. 
O'Toole, P. and Morgan, M.A. 1988. Efficiency of fertilizer urea: the Irish experience. In 
"Nitrogen Efficiency in Agricultural soils" (D.S. Jenkinson and K.A. Smith eds.), pp. 
191-206. Elseveir Applied Science, London. 
Overrein, L.N. and Moe, P.G. 1967. Factors affecting urea hydrolysis and ammonia 
volatilization in soil. Soil Science Society of America Proceedings 31,57-61. 
Overrein, L.N. 1968. Lysimeter studies on tracer nitrogen in forest soil: 1. Nitrogen losses by 
leaching and volatilization after addition of urea-N15• Soil Science 106, 280-290. 
Pain, B.F., Phillips, V.R, Clarkson, C.R and Klarenbeek, J.V. 1989. Loss of nitrogen 
through ammonia volatilisation during and following the application of pig or cattle 
slurry to grassland. Journal of the Science of Food and Agriculture 50, 1-12. 
Palma, R.M. and Conti, M.E. 1990. Urease activity in Argentine soils: field studies and 
influence of sample treatment. Soil Biology and Biochemistry 22, 105-108. 
Pancholy, S.K. and Rice, E.L. 1972. Effect of storage conditions on activities of ure~e, 
invertase, amylase, and dehydrogenase in soil. Soil Science Society of America 
Proceedings 36, 536-537. 
Pancholy, S.K. and Rice, E.L. 1973. Soil enzymes in relation to old field succession: 
Amylase, cellulase, invertase, dehydrogenase and urease. Soil Science Society of 
America Proceedings 37, 47-50. 
Pang, P.C., Hed1in, RA. and Cho, C.M. 1973. Transformation and movement of band-
applied urea, ammonium sulfate, and ammonium hydroxide during incubation in 
several Manitoba soils. Canadian Journal of Soil Science 53, 331-341. 
Parr, I.F. and Papendick, R.I. 1966. Retention of anhydrous ammonia by soil: n. Effect of 
ammonia concentration and soil moisture. Soil Science 101, 109-119. 
Parton, W.J., Gould, W.D., Adamsen, F.J., Torbit, S. and Woodmansee, RG. 1981. NH3 
. volatilization model. In "Simulation of Behaviour of Soil-Plant Systems" 
(MJ. Frissel and I.A. Van Veen eds.)., pp. 223-244. Center for Agricultural 
Publishing and Documentation, Wageningen, Netherlands. 
Perez-Mateos, M. and Gonzalez-Carcedo, S. 1988. Assay of urease activity in soils columns. 
Soil Biology and Biochemistry 20,567-572. 
Pettit, N.M., Smith, A.RJ., Freedman, RB. and Burns, R.G. 1976. Soil urease: activity, 
stability and kinetic properties. Soil Biology and Biochemistry 8, 479-484. 
Petrovic, A.M. 1990. The fate of nitrogen applied to turfgrass. Journal of Environmental 
Quality 19, 1-14. 
167 
Pikul, IL., Jr. and Allmaras, R.R 1984. A field comparison of nullaligned and mechanistic 
soil heat flux. Soil Science Society of America Journal 48, 1207-1214. 
Pinck, L.A. and Allison, P.E. 1961. Adsorption and release of urease by and from clay 
minerals. Soil Science 91, 183-188. 
Polemio, M. and Rhoades, ID. 1977. Determining cation exchange capacity: a new 
procedure for calcareous and gypsiferous soils. Soil Science Society of America 
Journal 41, 524-528. 
Porter, L.K., Viets, Jr. P.G. and Rutchinson, G.L. 1972. Air containing nitrogen-IS ammonia: 
foliar absorption by corn seedlings. Science 175, 759-761. 
Prasad, M. 1976. Gaseous loss of ammonia from sulfur-coated urea, ammonium sulfate, and 
urea applied to calcareous soil (PR 7.3). Soil Science Society of America Journal 40, 
130-134. 
Prasad, R. and Rajale, G.B. 1972. The influence of nitrification inhibitors and slow release 
nitrogen materials on transfonnations of fertilizer nitrogen in soils of fluctuating 
moisture content. Soil Biology and Biochemistry 4, 451-457. 
Rachhpal-Singh and Nye, P.R. 1984a. The effect of soil pR and high urea concentrations on 
urease activity in soil. Journal of Soil Science 35,519-527. 
Rachhpal-Singh and Nye, P.R. 1984b. Diffusion of urea, ammonium and soil alkalinity from 
surface applied urea. Journal of Soil Science 35, 529-538. 
Rachhpal-Singh and Nye, P.R. 1986a. A model of ammonia volatilization from applied urea. 
l. Development of the model. Journal of Soil Science 37, 9-20. 
Rachhpal-Singh and Nye, P.R. 1986b. A model of ammonia volatilization from applied urea. 
II. Experimental testing. Journal of Soil Science 37, 21-29. 
Rachhpal-Singh and Nye, P.R. 1986c. A model of ammonia volatilization from applied urea. 
m. Sensitivity analysis, mechanisms and applications. Journal of Soil Science 37, 
31-40. 
Rachhpal-Singh. 1987. Predicting the effect of soil-water-air dynamics on ammonia 
volatilisation from applied urea with a mechanistic model. Fertilizer Research 13, 
277-285. 
Rachhpal-Singh and Nye, P.R. 1988a. A model of ammonia volatilization from applied urea. 
IV. Effect of method of urea application. Journal of Soil Science 39,9-14. 
168 
Rachhpal-Singh and Nye, P.R. 1988b. Processes controlling ammonia losses from fertilizer 
urea In "Nitrogen Efficiency in Agricultural Soils" (D.S. Jenkinson and K.A. Smith, 
eds.), pp. 246-255. Elseveir Applied Science, London. 
Raison, R.J. and McGarity, J.W. 1978. Effect of plant ash on nitrogen fertilizer 
transformations and ammonia volatilization. Soil Science Society of America Journal 
42, 140-143. 
Rajaratnam, J.A. 1966. Volatilization of ammonia from urea (and urine) in soils under 
pasture. M.R.Sc. thesis, University of New England, N.S.W., Australia. 
Randall, G.W. 1984. Efficiency of fertilizer nitrogen use as related to application methods. In 
"Nitrogen in Crop Production", pp. 521-533. American Society of Agronomy and 
Soil Science Society of America, Madison, U.S.A. 
Rao, D.L.N. and Batra, L. 1983. Ammonia volatilization from applied nitrogen in alkali soils. 
Plant and Soil 70, 219-228. 
Rao, D.L .. N. and Ghai, S.K. 1985. Urease and dehydrogenase activity of alkali and reclaimed 
soils. Australian Journal of Soil Research 23,661-665. 
Rappaport, B.D. and Axley, lH. 1984. Potassium chloride for improved urea fertilizer 
efficiency. Soil Science Society of America Journal 48, 399-401. 
Raupach, M.R. and Legg, B.l 1984. The uses and limitations of flux-gradient relationships 
in micrometeorology. Agricultural Water Management 8, 119-131. 
Recous, S., Fresneau, C., Faurie, G. and Mary, B. 1988. The fate oflabelled 15N urea and 
ammonium nitrate applied to winter wheat crop. I. Nitrogen transformation in the soil. 
Plant and Soil 112, 205-214. 
Reynolds, C.M., Wolf, D.C. and Armbruster, J.A. 1985. Factors related to urea hydrolysis in 
soils. Soil Science Society of America Journal 49, 104-108. 
Reynolds, C.M. and Wolf, D.C. 1987a. Effect of soil moisture and air relative humidity on 
ammonia volatilization from surface-applied urea. Soil Science 143, 144-152. 
Reynolds, C.M. and Wolf, D.C. 1987b. Influence of urease activity and soil properties on 
ammonia volatilization from urea. Soil Science 143,418-425. 
Reynolds, C.M. and Wolf, D.C. 1988. Effects of field methods and soil cover on estimating 
ammonia loss from nitrogen-1S-urea. Soil Science Society of America Journal 52, 
706-712. 
Rheinbaben, W.V. 1987. Effect of magnesium sulphate addition to urea on nitrogen loss due 
to ammonia volatilization. Fertilizer Research 11, 149-159. 
Roberge, M.R. and Knowles, R. 1967. The ureolytic microflora in a black spruce (Picea 
mariana Mill.) humus. Soil Science Society of America Proceedings 31,76-79. 
169 
Rodgers, G.A. and Pruden, G. 1984. Field estimation of ammonia volatilisation from 15N_ 
labelled urea fertiliser. Journal of the Science of Food and Agriculture 35, 1290-1293. 
Rogers, B.B. and Aneja, V.P. 1980. Uptake of atmospheric ammonia by selected plant 
species. Environmental and Experimental Botany 20,251-257. 
Rowell, D.L. and Wild, A. 1985. Causes of soil acidification: a summary. Soil Use and 
Management 1 (1), 32-33. 
Ryan, J., Curtain, D. and Safi, I. 1981. Ammonia volatilization as influenced by calcium . 
carbonate particle size and iron oxides. Soil Science Society of America Journal 45, 
338-341. 
Ryden, J.e. 1984. The flow of nitrogen in grassland. Proceedings of the Fertiliser Society 
229,1-44. 
Ryden, J.C. and McNeill, J.E. 1984. Application of the micrometeorological mass balance 
method to the determination of ammonia loss from a grazed sward. Journal of the 
Science of Food and Agriculture 15,1297-1310. 
Ryden, J.e. and Lockyer, D.R. 1985. Evaluation of a system of wind tunnels for field studies 
of ammonia loss from grassland through volatilisation. Journal of the Science of Food 
and Agriculture 36, 781-788. 
Ryden, J.C., Whitehead, D.C., Lockyer, D.R, Thompson, RB., Skinner, J.B. and Garwood, 
E.A. 1987. Ammonia emission from grassland and livestock production systems in 
the UK. Environmental Pollution 48,173-184. 
Sabbe, W.E. and Reed, L.W. 1964. Investigations concerning nitrogen loss through chemical 
reactions involving urea and nitrite. Soil Science Society of America Proceed,ings 28, 
478-481. 
Sadeghi, A.M., Kissel, D.E. and Carbrera, M.L. 1988. Temperature effects on urea diffusion 
coefficients and urea movement in soil. Soil Science Society of America Journal 52, 
46-49. 
Saffigna, P.G. 1988. 15N methodology in the field. In "Advances in Nitrogen Cycling in 
Agricultural Ecosystems", (J.R Wilson, ed.), pp. 433-451. CAB International, 
Wallingford, Oxon, U.K. 
Sahrawat, K.L. 1984. Effects of temperature and moisture on urease activity in semi-arid 
tropical soil. Plant and Soil 78, 401-408. 
San, C.K. 1986. The simple open method of measuring urea volatilization losses. Plant and 
Soil 92, 73-79. 
Sankhayan, S.D. and Shukla, D.C. 1976. Rat~s of urea hydrolysis in five soils ofIndia. 
Geoderma 16, 171-178. 
Savant, N.K. and De Datta, S.K. 1982. Nitrogen transformation in wetland rice soils. 
Advances in Agronomy 35, 241-302. 
Savant, N.K., James, A.F. and McClellan, G.H. 1987a. Effect of soil bulk density on 
hydrolysis of surface-applied urea in unsaturated soils. Fertilizer Research 11, 
221-229. 
170 
Savant, N.K., James, A.F. and McClellan, G.H. 1987b. Effect of amounts and sequence of 
additions of urea and water on hydrolysis of surface-applied granular urea in 
unsaturated soils. Fertilizer Research 11, 231-243. 
Scotter, D.R, Mohammed, I.H. and Gregg, P.E.G. 1984. The short-term fate of urea applied 
to barley in humid climate. II. A simple model. Australian Journal of Soil Research 
22, 181-190. 
Sherlock, RR and Goh, K.M. 1983. A simple mathematical model simulating ammonia 
volatilization losses in the field. Proceedings Agronomy Society of New Zealand 13, 
23-27. 
Sherlock, RR and Goh, K.M. 1984. Dynamics of ammonia volatilization from simulated 
urine patches and aqueous urea applied to pasture. I. Field experiments. Fertilizer 
Research 5, 181-195. 
Sherlock, R.R and Goh, K.M. 1985a. Dynamics of ammonia volatilization from simulated 
urine patches and aqueous urea applied to pasture. II. Theoretical derivation of a 
simplified model. Fertilizer Research 6,3-22. 
Sherlock, R.R and Goh, K.M. 1985b. Dynamics of ammonia volatilization from simulated 
urine patches and aqueous urea applied to pasture. m. Field verification of a 
simplified model. Fertilizer Research 6,23-36. 
Sherlock, R.R, Black, A.S. and Smith, N,P. 1986. Micro-environment soil pH aro~d 
broadcast urea granules and its relationship to ammonia volatilization. In "Nitrogen 
Cycling in Temperate Agricultural Systems II Vol. IT (P.E. Bacon, J. Evans, 
R.R Storrier and A.C. Taylor, eds.), pp. 316-326. Australian Society of Soil Science 
Inc., Riverina Branch. 
Sherlock, R.R., Freney, J.R., Smith, N.P. and Cameron, K.C. 1989. Evaluation of a sampler 
for assessing ammonia losses from fertilized fields. Fertilizer Research 21,61-66. 
Simpson, J.R. and Freney, J.R. 1967. The fate oflabelled mineral nitrogen after addition to 
three pasture soils of different organic matter contents. Australian Journal of 
Agricultural Research 18, 613-623. 
Simpson, J.R. 1968. Losses of urea nitrogen from the surface of pasture soils. 9th 
International Congress of Soil Science Transactions, Adelaide. Vol. 2. pp. 459-465. 
International Society of Soil Science and Angus & Robertson, Sydney. \ 
Sinclair, T.R. and Van Houtte, R.F. 1982. Simulative analysis of ammonia exchange between 
the atmosphere and plant communities. Agriculture and Environment 7, 237-242 .. 
Singh, B. and Bajwa, M.S. 1986. Studies on urea hydrolysis in salt affected soils. Fertilizer 
Research 8,231-240. 
Singh, M. and Yadav, D.S. 1981. Transformation of urea and ammonium sulphate in 
different soils. Plant and Soil 63, 511-515. 
171 
Singh, M., Yadav, D.S. and Kumar, V. 1984. Leaching and transformation of urea in dry and 
wet soils as affected by irrigation water. Plant and Soil 81, 411-420. 
Singh, Y. and Beauchamp, E.G. 1986. Nitrogenmineralization and nitrifier activity in limed 
and urea-treated soils. Communications in Soil Science and Plant Analysis 17, 
1369-1381. 
Singh, Y. and Beauchamp, E.G. 1988. Nitrogen transformations near ureain soil with 
different water potentials. Canadian Journal of Soil Science 68, 569-576. 
Singh, Y. and Beauchamp, E.G. 1989. Nitrogen transformations near urea in soil: effects of 
nitrification inhibition, nitrifier activity and liming. Fertilizer Research 18, 201-212. 
Sivapalan, K., Fernando, V. and Thenabadu, M.W. 1983. Humified phenol-rich plant 
residues and soil urease activity. Plant and Soil 70, 143-146. 
Smith, C.J. and Chalk, P.M. 1980. Comparison of the efficiency of urea, aqueous ammonia 
and ammonium sulphate as nitrogen fertilizers. Plant and Soil 55, 333-337. 
Smith, C.J. and Freney, J.R. 1988. Effectiveness of applying urea solution by furrow 
irrigation to wheat grown beds of an impervious red-brown earth. Fertilizer Research 
17,-61-70. 
Smith, C.J., Freney, J.R, Chalk, P.M., Galbally, I.E., McKenney, D.J. and Cai, G.X. 1988. 
Fate of urea nitrogen applied in solution in furrows to sunflowers growing on a red-
brown earth: transformations, losses and plant uptake. Australian Journal of. 
Agricultural Research 39, 793-806. 
Smith, C.l, Freney, lR, Chapman, S.L. and Galbally, IE. 1989. Fate of urea nitrogen 
applied to irrigated wheat at heading. Australian Journal of Agricultural Research 40, 
951-963. 
Snedecor, G.W. and Cochran, W.G. 1967. Statistical Methods. 6th edition. The Iowa State 
University Press, Ames, Iowa, U.S.A. 
Soderlund, B.H. and Svensson, B.H. 1976. The global nitrogen cycle. In "Nitrogen, 
Phosphorus and Sulphur - Global Cycles". SCOPE Report 7. Ecological Bulletin 
(Stockholm) 22,23-73. 
Soulides, D.A. and Clark, F.E. 1958. Nitrification in grassland soils. Soil Science Society of 
America Proceedings 22, 308-311. 
Speir, T.W., Lee, R, Pansier, A. and Cairns,. A. 1980. A comparison of sulphatase, urease 
and protease activities in planted and fallow soils. Soil Biology and Biochemistry 12, 
281-292. 
Stevens, Rl and Logan, H,J. 1987. Determination of the volatilization of ammonia from 
surface-applied cattle slurry by the micrometeorological mass balance method. 
Journal of Agricultural Science 109, 205-207. 
172 
Stevens, Rl, Laughlin, RJ. and Kilpatrick, D.l 1989. Soil properties related to the 
dynamics of ammonia volatilization from urea applied to the surface of acidic soils. 
Fertilizer Research 20, 1-9. 
Stillwell, M.A. and Woodmansee, R.G. 1981. Chemical transformation of urea nitrogen and 
movement of nitrogen in a shortgrass prairie soil. Soil Science Society of America 
Journal 45, 893-898. 
Stojanovic, B.J. 1959. Hydrolysis of urea in soil as affected by season and by added urease. 
Soil Science 88,251-255. 
Stott, D.E. and Hagedorn, C. 1980. Interrelations between selected soil characteristics and 
arylsulfatase and urease activities. Communications in Soil Science and Plant 
Analysis 11, 935-955. 
Stumm, W. and Morgan ,lJ.1970. Aquatic Chemistry. pp. 118-159. Wiley-Interscience, 
John Wiley and Sons, Inc., New York. 
Stumpe, J.M., Vlek, P.L.G. and Lindsay, W.L. 1984. Ammonia volatilization from urea and 
urea phosphates in calcareous soils. Soil Science Society of America Journal 48, 
921-927. 
Stutte, C.A., Weiland, RT. and Blem, A.R 1979. Gaseous nitrogen loss from soybean 
foliage. Agronomy Journal 71, 95-97. 
Sumner, J.B. imd Somers, G.F. 1953. Chemistry and Methods of Enzymes. pp. 157-~58. 
Academic Press, New York. 
Tabatabai, M.A. and Bremner, J.M. 1972. Assay of urease activity in soils. Soil Biology and 
Biochemistry 4,479-487. 
Tabatabai, M.A. 1973. Michaelis constants of urease in soils and soil fractions. Soil Science 
Society of America Proceedings 37, 707-710. 
Tabatabai, M.A. 1982. Soil enzymes. In "Methods of Soil Analysis" (A.L. Page, RH. Miller 
and D.R Keeney eds.), pp. 903-948. Agronomy No.9, American Society of 
Agronomy and Soil Science Society of America, Inc., Madison, Wisconsin, U.S.A. 
Tanji, KK and Doneen, L.D. 1966. A computer technique for prediction of CaC03 
precipitation in HC03- salt solutions. Soil Science Society of America Proceedings 30, 
53-56. 
Terman, O.L. and Hunt, C.M. 1964. Volatili~ation losses of nitrogen from surface-applied 
fertilizers, as measured by crop response. Soil Science Society of America 
Proceedings 28, 667-672. 
Terman,O.L. 1979. Volatilization losses of nitrogen as ammonia from surface-applied 
fertilizers, organic amendments, and crop residues. Advances in Agronomy 31, 
189-223. 
Theobald, P.W. and Ball, P.R 1984. Nitrogen lost by ammonia volatilisation, and the 
effectiveness of urea and ammonium sulphate fertilisers. Proceedings of the New 
Zealand Grassland Association 45, 236-238. 
173 
Thomas, O.W. and Hargrove, W.L. 1984. The chemistry of soil acidity. In "Soil Acidity and 
Liming" (p. Adams, ed.), pp. 3-56. Second Edition, Agronomy, No. 12, American 
Society of Agronomy and Soil Science Society of America, Inc., Madison, 
Wisconsin, U.S.A 
Titko, III, S., Street, J.R. and Logan, T.J. 1987. Volatilization of ammonia from granular and 
dissolved urea applied to turfgrass. Agronomy Journal 79, 535-540. 
Tiwari, M.R, Tiwari, RK. and Mishra, RR. 1989. Enzyme activity and carbon dioxide 
evolution from upland and wetland rice soils under three agricultural practices in hilly 
regions. Biology and Fertility of Soils 7, 359-364. 
Tiwari, S.C., Tiwari, B.K. and Mishra, R.R. 1988. Enzyme activities in soils: effects of 
leaching, ignition, autoclaving and fumigation. Soil Biology and Biochemistry 20, 
583-585. 
Tomar, J.S. and Soper, R.J. 1981. An incubation study of nitrogen added as urea to'several 
. Manitoba soils with particular reference to retention of nitrogen. Canadian Journal of 
Soil Science 61, 1-10. 
Torello, W.A. and Wehner, D.l 1983. Urease activity in a Kentucky bluegrass turf. 
Agronomy Journal 75, 654-656. 
Torello, W.A., Wehner, D.J. and Turgeon, A.l 1983. Ammonia volatilization from from 
fertilized turfgrass stands. Agronomy Journal 75, 454-456. 
Turner, R.C. and Clark, J.S. 1956. The pH of calcareous soils. Soil Science 82,337-341. 
Turner, R.C. 1958. A theoretical treatment of the pH of the calcareous soils. Soil Science 86, 
32-34. 
Vallis,!., Henzell, E.F., Martin, A.E. and Ross, P.J. 1973. Isotopic studies on the uptake of 
nitrogen by pasture plants. V. lSN balance experiments in field microplots. Australian 
Journal of Agricultural Research 24, 693-702. 
Vallis, I., Harper, L.A., Catchpoole, V.R and Weier, K.L. 1982. Volatilization of ammonia 
from urine patches in a subtropical pasture. Australian Journal of Agricultural 
Research 33, 97-107. '" 
V an Cleemput, O. and Baert, L. 1984. Nitrite: a key compound in N loss processes under 
acid conditions? Plant and Soil 76, 233-241. 
174 
VanDer Eerden, L.J .M. 1982. Toxicity of ammonia to plants. Agriculture and Environment 
7,223-235. 
Verstraeten, L.M.l 1978. Interaction between urease activity and soil characteristics. 
Agrochimica 22,5-6. 
Vlek, P.L.G. and Stumpe, J.M. 1978. Effects of solution chemistry and environmental 
conditions on ammonia volatilization losses from aqueous systems. Soil Science 
Society of America Journal 42, 416-421. 
Vlek, P.L.G. and Craswell, E.T. 1981. Ammonia volatilization from flooded soils. Fertilizer 
Research 2,227-245. 
Vlek, P.L.G., Fillery, 1.R.P. and Burford, J.R 1981. Accession, transformation, and loss of 
nitrogen in soils of arid region. In "Soil Water and Nitrogen Mediterranian-Type 
Environments", (J. Monteith andC. Webb, eds.), pp. 133-175. Developments in Plant 
and Soil Sciences, Vol. 1, Martinus Nijhoff/ Dr.W. Junk Publishers. 
Vlek, P.L.G. and Carter, M.P. 1983. The effect of environment and fertilizer modifications 
on the rate of urea hydrolysis. Soil Science 136, 56-63. 
Volk, G.M. 1959. Volatile loss of ammonia following surface application of urea to turf or 
bare soils. Agronomy Journal 51, 746-749. 
Yolk, G.M. 1966. Efficiency of fertilizer urea as affected by method of application, soil 
moisture, and lime. Agronomy Journal 58, 249-252. 
Volk,O.M. 1970. Gaseous loss of ammonia from prilled urea applied to slash pine. Soil 
Science Society of America Proceedings 34,513-516. 
Wagenet, R.J., Biggar, lW. and Nielsen, D.R. 1977. Tracing the transformations of urea 
fertilizer during leaching. Soil Science Society of America Journal 41, 896-902. 
Wahhab, A, Khan, M. and lshaq, M. 1960. Nitrification of urea and its loss through 
volatilization of ammonia under different soil conditions. Journal of Agricultural 
Science 55,47-51. 
Watkins, S.H., Strand, RF., DeBell, D.S. and Esch, J.Jr. 1972. Factors influencing ammonia 
losses from urea applied to Northwestern forest soil. Soil Science Society of America 
Proceedings 36, 354-357. 
Watson, C.l and Kilpatrick, D.J. 1991. The effect of urea pellet size and rate of application 
on ammonia volatilization and soil nitrogen dynamics. Fertilizer Research 28, 
163-172. 
Weatherbum, M.W. 1967. Phenol hypochlorite reaction for determination of ammonia. 
Analytical Chemistry 39, 971-974. . 
Westerman, RL. and Kurtz, L.T. 1973. Priming effect of 15N-labelled fertilizers on soil 
nitrogen in field experiments. Soil Science Society of America Proceedings 37, 
725-727. 
Wetselaar, R. and Farquhar, G.D. 1980. Nitrogen losses from tops of plants. Advances in 
Agronomy 33, 263-302. 
175 
Whitehead, D.C. and Raistrick, N. 1990. Ammonia volatilisation from five nitrogen 
compounds used as fertilizers following surface application of soils. Journal of Soil 
Science 41,387-394. 
Wickramasinghe, K.N., Sivasubramaniam, S. and Nalliah, P. 1981. Urea hydrolysis in some 
tea soils. Plant and Soil 62, 473-477. 
Wickramasinghe, K.N., Rodgers, G.A. and Jenkinson, D.S. 1985. Transformations of 
nitrogen fertilizers in soil. Soil Biology and Biochemistry 17, 625-630. 
Wilson, J.D., Thurtell, G.W., Kidd, G.E. and Beauchamp, E.G. 1982. Estimation of the rate 
of gaseous transfer from a surface plot to the atmosphere. Atmospheric Environment 
16, 1861-1867. 
Wilson, J.D., Catchpoole, V.R., Denmead, D.T. and Thurtell, G.W. 1983. Verification of a 
simple micrometeorological method for estimating the rate of gaseous mass transfer 
from the ground to the atmosphere. Agricultural Meteorology 29, 183-189. 
Young,IL. 1964. Ammonia and ammonium reactions with some Pacific Northwest soils. 
Soil Science Society of America Proceedings 28, 339-345. 
Young, J.L. and McNeal, B.L. 1964. Ammonia and ammonium reactions with some layer-
silicate minerals. Soil Science Society of America Proceedings 28, 334-351. 
Zantu, M.1. and Bremner, J.M. 1975a. Comparison of methods of assaying urease activity in 
soils. Soil Biology and Biochemistry 7,291-295. 
Zantu, M.I. and Bremner, J.M. 1975b. Preservation of soil samples for assay of urease 
activity. Soil Biology and Biochemistry 7,297-299. 
Zantu, M.I. and Bremner, J.M. 1976. Production and persistence of urease activity in soils. 
Soil Biology and Biochemistry 8, 369-374. 
Zantu, M.I. and Bremner, J.M.1977. Stability of urease in soils. Soil Biology and 
Biochemistry 9, 135-140. 
Zantu, M.I. Dumenil, L.C. and Bremner, lM. 1977. Relationships between soil urease 
activity and other soil properties. Soil Science Society of America Journal 41, 
350-352. 
Zusevics, lA. 1980. Relationship between buffer capacity and some properties of light 
tropical soil. Communications in Soil Science and Plant Analysis 11, 405-416. 
176 
APPENDICES 
Appendix 1 Trapping efficiency of 50 mL 0.05 M H2S04 at different NH3 fluxes and trapping 
durations 
Runs NH4 conc. Room Temp. Time Air flow TotalNH3 
(~g mL-1) ("C) (h) L min-1 volatilised (~g) 
1 8.5 23 16.58 4.00 211.0 
2 8.5 23 15.00 2.75 171.4 
3 8.5 21 15.50 3.50 139.0 
4 8.5 22 16.17 3.00 175.9 
5 8.5 20 13.75 3.00 103.2 
6 8.5 20 13.00 3.00 105.5 
7 8.5 20 23.00 4.00 202.5 
8 8.5 20 24.00 3.30 178.0 
9 8.5 23 12.00 3.00 137.0 
10 8.5 24 12.00 3.00 146.5 
11 8.5 22 18.00 3.50 224.0 
12 10.0 21 13.17 3.25 348.3 
13 10.0 23 8.33 3.15 274.7 
14 10.0 22 6.33 3.00 184.3 
15 10.0 21 7.33 3.00 236.1 
16 10.0 21 7.00 3.00 218.3 
17 10.0 22 6.00 3.00 211.4 
18 20.0 25 8.00 3.20 658.6 
19 20.0 22 6.25 3.00 372.4 
20 20.0 21 6.00 2.80 292.2 
21 20.0 21 6.00 3.00 368.1 
22 20.0 21 8.25 3.00 460.2 
23 50.0 24 6.00 3.00 871.3 
24 50.0 23 6.00 3.00 814.8 
25 50.0 22 6.00 3.00 830.8 
26 50.0 21 8.00 2.80 796.9 
27 50.0 24 8.00 3.20 1178.0 
28 150.0 26 6.00 3.00 1842.6 
29 150.0 25 6.00 3.00 1653.1 
30 150.0 26 6.00 3.00 1795.1 
31 150.0 24 6.00 3.00 1616.0 
32 150.0 24 6.00 3.00 1418.0 
33 200.0 22 6.00 3.00 1502.7 
34 200.0 22 6.50 3.00 1475.9 
35 200.0 22 6.00 3.00 1457.2 
36 200.0 22 6.00 2.80 1264.1 
(to be continued) 
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Appendix 1 (contd.) 
Runs ~(g)conc Trap 1 Trap 2 % Recovery % Trapping 
(Ilg ro-3) 
------{Ilg NH3-N)- (single trap) efficiency 
1 53.03 192.1 16.3 98.77 91.04 
2 69.25 159.4 10.9 99.36 93.00 
3 42.70 122.2 17.0 100.14 87.91 
4 60.43 155.1 16.8 97.73 88.18 
5 41.70 92.2 11.5 100.48 89.34 
6 45.09 94.6 11.2 100.28 89.67 
7 36.68 174.3 24.5 98.17 86.07 
8 37.46 154.0 21.0 98.32 86.52 
9 63.43 126.0 10.5 99.64 91.97 
10 67.82 138.6 8.4 100.34 94.61 
11 59.26 204.4 21.7 100.94 91.25 
12 135.62 333.3 14.0 99.71 95.69 
13 174.48 267.0 8.3 100.22 97.20 
14. 161.75 178.3 6.1 100.05 96.74 
15 178.94 231.6 4.7 100.09 98.09 
16 173.25 210.6 4.7 98.63 96.47 
17 195.74 205.3 4_8 99.39 97.11 
18 428.78 642.5 8.6 98.86 97.56 
19 331.02 362.9 6.0 99.06 97.45 
20 289.88 285.0 7.0 99.93 97.54 
21 340.83 363.0 4.7 99.89 98.62 
22 309.9 455.0 7.4 100.48 98.87 
23 806_76 856.9 7.3 99.19 98.35 
24 754.44 809.7 4.7 99.95 99.37 
25 769.26 818.5 5.6 99.19 98.52 
26 592.93 780.9 6.1 98.76 97.99 
27 766.93 1169.9 6.8 99.89 99.31 
28 1706.11 1836.0 7.0 100.02 99.64 
29 1530.65 1656.0 7.6 100.64 100.18 
30 1662.13 1784.2 6.5 99.76 99.39 
31 1496.30 1610.5 6.5 100.06 99.66 
32 1312.96 1408.7 7.8 99.89 99.34 
33 1391.39 1499.3 4.9 100.10 99.77 
34 1260.85 1466.8 6.7 99.84 99.38 
35 1349.26 1450.0 5.8 99.90 99.51 
36 1254.07 1261.4 5.7 100.24 99.79 
Appendix 2 Correlation coefficients (r) between soil properties of six soils from Chapter 4 
Soil properties Silt % Clay % OC% TN% pH"at CEC HB~ HBCSd (:a2+ Mg2+ pHun pH",ax Urlab Urf KCI-N Aner-N 
Sand content (%) -0.72 -0.67 0.18 0.05 0.87* 0.25 -0.57 -0.68 0.92# 0.73 0.57 0.41 0.84* -0.02 0.15 0.00 
Silt content (%) -0.03 0.41 0.54 -0.72 0.42 0.49 0.64 -0.41 -0.35 -0.57 -0.07 -0.34 -0.24 0.46 0.58 
Clay content (%) -0.70 -0.65 -0.48 -0.82* 0.29 0.30 -0.89* -0.67 -0.20 -0.51 -0.86* 0.29 -0.71 -0.63 
Organic-C (%) 0.99# -0.23 0.97# 0.39 -0.35 0.43 0.15 -0.38 0.00 0.66 -0.35 0.99# 0.79 
Total-N (%) -0.32 0.97# 0.44 0.45 0.33 0.09 -0.44 -0.01 0.56 -0.37 0.99# 0.83* 
Native soil pH -0.08 -0.85* -0.91* 0.17 0.17 0.78 0.59 0.52 0.09 -0.24 -0.19 
Buffered CEC 0.23 0.24 0.53 0.31 -0.27 0.17 0.69 -0.39 0.98# 0.85* 
HBC (2 hours) 0.98# -0.53 -0.79 -0.94# -0.85* -0.23 -0.39 0.39 0.05 
HBC (5 days) -0.61 -0.75 -0.97# -0.79 -0.34 -0.44 0.39 0.16 
ea2+ 0.76 0.51 0.56 0.93# -0.05 0.42 0.29 
Mg2+ 0.68 0.78 0.60 0.01 0.14 0.42 
Initial microsite pH 0.82* 0.28 0.65 -0.39 -0.11 
Microsite pH maxima 0.35 0.45 0.02 0.40 
Urease activity (Lab) -0.08 0.64 0.41 
Hydrolysis rate (Field) -0.37 -0.19 
KQ hydrolysable-N 0.80 
* values between 0.81 and 0.92 are significant at P :S 0.05 level 
# values above 0.92 are significant atP :S 0.01 level 
Appendix 3 Nitrification of applied-N following urea application (% applied-N) (Chapter 4) 
Soil Days following urea application 
1 2 3 4 
Templeton 0.3 0.4 1.1 1.3 
Kaharoa 0.6 0.7 1.5 0.5 
Kokotau 0.6 0.7 1.4 0.7 
Kairanga / 1.4 0.4 2.6 1.1 
Takapau 1.0 0.5 1.5 0.8 
Patumahoe 0.0 0.7 1.6 1.6 
Appendix 4 Correlation coefficients (r) between soil properties of five different soils from Chapter 5 
Soil properties Silt % Clay % OC% TN% P~t CEC HB~ HBCSd 
Sand content (%) 0.28 -0.95* -0.74 ~.79 0.13 -0.73 -0.56 -0.49 
Silt content (%) -0.57 -0.83 -0.61 0.93* -0.69 -0.91* -0.89* 
Clay content (%) 0.91* 0.89* -0.41 0.86 0.78 0.72 
Organic-C (%) 0.93* -0.75 0.81 0.89* 0.83 
Total-N (%) -0.62 0.61 0.67 0.57 
Native soil pH -0.46 -0.75 -0.71 
Buffered CEC 0.55 0.44 
HBC (2 hours) 0.99# 
HBC (5 days) 
Ca2+ 
Mg2+ 
Initial microsite pH 
Microsite pH maxima 
Tmax 
Urease activity (Lab) 
Hydrolysis rate (field) 
KCl hydrolysable-N 
* values between 0.88 and 0.96 are significant at P :S: 0.05 level 
# values above 0.96 are significant at P :S: 0.01 level 
Appendix 5 Nitrification of applied-N following urea application (% applied-N) (Chapter 5) 
Soil 
Templeton (gr) 
Templeton (b) 
Onepunga 
Waikari 
Cookson 
Patumahoe 
1 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
Days following urea application 
3 6 
0.5 
0.4 
0.2 
·0.5 
0.1 
0.8 
1.4 
03 
0.1 
0.6 
0.1 
1.9 
14 
5.5 
4.2 
0.2 
2.6 
0.4 
3.6 
Ca2+ 
-0.67 
0.21 
0.51 
0.14 
0.12 
0.51 
-0.18 
0.14 
0.15 
Mg2+ pHmi p~ Tmax Urlab Urf KCI-N Aner-N 
-0.44 0.93* 0.36 -0.77 -0.16 0.68 -0.57 -0.59 
-0.73 0.18 0.84 0.00 -0.50 -0.44 -0.62 -0.71 
0.62 -0.85 -0.58 0.66 0.29 -0.43 0.69 -0.59 
0.64 -0.67 -0.79 0.35 0.57 -0.09 0.84 0.89* 
036 -0.79 -0.64 0.29 0.69 -0.34 0.95* 0.95* 
-0.50 0.07 0.72 0.32 -0.72 -0.43 -0.73 -0.77 
0.17 -0.64 -0.66 0.01 0.89* -0.17 039 0.47 
0.91* -0.37 -0.69 031 0.26 0.11 0.55 0.64 
0.95* -0.28 -0.66 0.31 0.15 0.18 0.44 0.53 
0.28 -0.62 0.00 0.97# -0.54 -0.56 -0.18 -0.14 
-0.15 -0.43 0.38 -0.16 0.11 0.17 0.26 
0.45 -0.73 -0.33 0.62 -0.64 -0.64 
-0.22 -0.58 -0.41 -0.66 -0.75 
-0.37 -0.49 0.01 0.07 
0.12 0.89* 0.86 
-0.17 -0.09 
0.99# 
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Appendix 6 Changes in native mineral-N following urea application (Ilg N g"1 dry soil) (Chapter 5) 
Soil Days following urea application 
0 1 3 6 
Templeton (gr) NH+ 
. 4 13.6 29.9 15.9 16.9 
N03" 0.0 1.4 0.5 3.2 
Templeton (b) NH/ 15.5 10.1 16.1 17.7 
N03" 1.1 5.1 3.7 12.6 
Onepunga NH4+ 17.5 28.7 27.9 31.8 
N03" 0.0 1.8 1.5 1.1 
Waikari NH+ 4 11.0 7.8 14.2 10.5 
N03" 0.9 1.6 0.9 2.8 
Cookson NH/ 19.5 23.5 51.4 51.5 
N03" 0.0 0.7 0.5 0.3 
Patumahoe NH/ 4.9 14.9 29.9 19.2 
N03" 0.0 11.2 6.1 10.3 
Appendix 7 Nitrification of applied-N following urea application (% applied-N) 
(Chapter 6) 
Soil Days following urea application 
1 3 6 14 
Templeton (gr) 0.0 0.1 0.5 4.4 
Templeton (b) 0.0 0.1 1.3 6.0 
Onepunga 0.0 0.0 0.2 2.0 
Waikari OJ 0.6 1.7 3.2 
Cookson 0.0 0.1 0.1 OJ 
Patumahoe 0.9 1.4 2.9 9.9 
14 
13.2 
8.5 
17.6 
16.8 
74.3 
10.2 
29.9 
7.5 
255.1 
3.5 
15.1 
21.4 
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Appendix 8 Changes in native mineral-N following urea application (J,lg N g-l dry soil) (Chapter 6) 
Soil Days following urea application 
0 1 3 6 14 
Templeton (gr) NH/ 13.6 7.8 14.4 11.2 21.4 
NOi 0.0 6.0 1.1 0.9 4.6 
Templeton (b) NH/ 15.5 13.2 20.5 21.3 18.2 
N03- 1.1 1.2 2.6 3.7 13.6 
Onepunga NH+ 4 17.5 10.3 21.9 24.8 22.9 
N03- 0.0 0.0 3.7 2.0 3.7 
Waikari NH+ 4 11.0 11.4 6.6 8.1 14.6 
N03- 0.9 0.9 1.3 0.7 3.5 
Cookson NH+ 4 19.5 96.4 99.7 98.5 217.1 
N03- 0.0 1.9 0.0 1.7 10.2 
Patumahoe NH+ 4 4.9 17.2 46.0 18.2 13.2 
NOi 4.9 9.4 8.8 15.5 27.5 
Appendix 9 Correlation coefficients (r) between soil properties of combination of 11 soils from Chapters 4 and 5 
Soil properties Silt % Clay % OC% 1N% P~at CEC HB~ HBCSd eaz+ Mg2+ PHim P~ax Tmax .Urlab Urf KCI-N Aner-N 
Sand content (%) -0.39 -0.69* -0.18 -0.2A 0.62* -0.31 -0.55 -0.49 0.02 -0.22 0.63* 032 -0.31 -0.16 0.12 -0.13 -0.26 
Silt content (%) -0.39 -0.22 027 -0.25 -0.31 -0.05 -0.19 -0.26 -0.43 -0.42 -0.29 -0.43 -0.62* -0.11 0.18 -0.31 
Clay content (%) 0.35 0.03 -0.42 0.56 0.58 0.65* 0.18 0.56 -0.30 -0.09 0.65* 0.34 -0.03 -0.01 -0.50 
Organic-C (%) 0.81# -0.42 0.81# 0.65* 0.69* 0.33 0.54 -0.36 0.14 0.47 0.85# -0.29 0.80# 0.85# 
Total-N (%) -0.41 0.52 0.49 0.41 0.17 0.16 -0.51 -0.09 0.06 0.28 -0.34 0.97# 0.62* 
Native soil pH -0.27 -0.79# -0.69* 0.52 -0.26 0.61* 0.45 0.06 -0.15 -0.01 -0.40 -0.42 
Buffered CEC 0.68* 0.83# 0.53 0.89# -0.22 0.16 0.65* 0.37 -0.22 0.43 0.62* 
HBC (2 hours) 0.94# -0.04 0.64* -0.69* -0.49 0.30 0.21 -0.25 0.44 0.45 
HBC (5 days) 0.06 0.83# -0.48 -0.23 0.43 0.30 -0.19 035 0.55 
Ca2+ 0.33 0.05 0.36 0.75# 0.11 -0.23 -0.04 0.11 
Mg2+ 
-0.01 0.14 0.52 0.23 -0.02 0.08 0.39 
Initial microsite pH 0.72* -0.15 0.06 0.62* -0.43 -0.19 
Microsite pH maxima 0.32 0.30 027 -0.08 0.30 
Tmax 0.44 -0.22 -0.04 0.42 
Urease activity (Lab) -0.11 0.39 0.82# 
Hydrolysis rate (field) -0.29 -0.18 
KQ hydrolysable-N 0.68* 
* values between 0.60 and 0.74 are significant at P ~ 0.05 level 
# values above 0.74 are significant at P ~ 0.01 level 
